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Preface 


The structure and characteristics of HVDC (High-Voltage Direct Current) converters have 
remained practically unaltered for the first 40 years of commercial operation. Restricted by 
the switching characteristics, first of the mercury arc valve and later of the silicon-controlled 
rectifier, this technology requires substantial extra support at the link terminals to ensure 
stable operation. 

More recently the development of power semiconductors with improved characteristics 
has provided the basis for a flexible AC transmission system (FACTS) technology. This 
technology covers a variety of power electronics controllers created to enhance the perfor- 
mance of the traditional grid. The individual members of the FACTS family are designed 
to solve a specific problem, e.g. active or reactive power flow control, short-circuit current 
limitation, etc. So it is the complete family that provides transmission flexibility, rather than 
the individual controllers. 

The new power semiconductors have also, in the past decade, changed the attitude towards 
HVDC transmission, and a variety of converter configurations have been developed to take 
advantage of the higher controllability and switching frequencies of the new devices. 

Although the main market for HVDC is still thyristor based, a transistor-based technology 
has recently been developed, and is already being used throughout the world. The new HVDC 
technology can provide most of the enhancements of the individual FACTS controllers, 
ie. permit large stable power transfers, deliver or absorb the required reactive power to 
maintain the specified voltages at the interconnected buses, contain fast emergency controls 
to avoid large fault current levels, be designed (if required) to control sub-synchronous 
resonances, etc. Moreover, the DC link is the only practical way of connecting asynchronous 
systems and systems of different frequencies. For a given HVDC configuration, all these 
tasks can be achieved purely by control action. 

Therefore, a modern HVDC interconnection is potentially the most flexible power trans- 
mission system. However, the provision of greater HVDC transmission flexibility comes at 
a price, in terms of either reduced efficiency or increased structural complexity. Thus, when 
considering a new scheme, it is important to decide on the degree of flexibility required 
for the particular application (i.e. taking into account power ratings, transmission distances, 
extent of ancillary services expected, etc.). 

A critical review of the HVDC options already available and under consideration consti- 
tutes the purpose of this book, which therefore complements recent titles describing the 
FACTS technology to help power system engineers to make informed decisions on the 
planning, design and operation of future power transmission systems. It is also a useful 
reference text for students taking advanced courses in power transmission. 


xii PREFACE 


The first five chapters describe the principles and components of existing converter 
technology. Chapters 6 and 7 discuss alternative proposals for self-commutating conversion 
and Chapters 8, 9, 10 and 11 the application of the various converter configurations to 
HVDC transmission. 

The authors would like to acknowledge the main sources of information that have made 
the book possible and in particular the material reproduced, with permission, from CIGRE 
Study Committee B4 and ABB industry documents. 

At the personal level they wish to acknowledge the services of Greta Arrillaga (who half a 
century ago also typed the first book on the subject of HVDC by Adamson and Hingorani!), 
the advice received from Alan Wood and Nick Murray of Canterbury University, Dennis 
Woodford of Electranix and Gunnar Asplund of ABB. 

They also wish to thank The University of Canterbury and The University of Inner 
Mongolia for providing the facilities for their work. 
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Introduction 


1.1 The Conventional Power Grid 


The power sources in conventional power systems must operate at exactly the same frequency 
and in perfect synchronism. Each generator controls the magnitude of its terminal voltage 
by the excitation current and the phase angle of this voltage by means of the mechanical 
torque developed by the turbine. The generators are designed to produce relatively low 
voltages, and thus the generated power undergoes a number of voltage transformations, 
from low to high voltage (for efficient power transmission) and from high to medium and 
low voltage (for economic and safe power distribution). These changes are implemented by 
power transformers. 

Within a national grid, the use of a fully interconnected primary transmission system, to 
which the new power stations are connected, has traditionally been the generally accepted 
philosophy behind the development of an efficient power system. 

The expansion of the primary transmission system was normally continued until the rated 
switchgear fault level was exceeded. Beyond that point a new primary transmission system, 
of higher voltage and fault levels, was created, while the previous one continued expanding 
into several separate (secondary) systems. Each of these secondary transmission systems in 
turn supplied a number of distribution (normally radial) feeders. So the conventional power 
grid has traditionally been grouped into three separate parts, i.e. generation, transmission 
and distribution, all of them inflexibly tied by the synchronous constraints. 


1.1.1 Power Transfer Mechanism 


Transformers, generators and transmission lines are predominantly inductive, and most loads 
have an inductive component as well. The presence of inductance delays the current response 
of these components to the voltage variation across them, and this effect causes phase 
shifts between the voltage and current waveforms which affect the efficiency of the power 
transmission process. 
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2 INTRODUCTION 


The instantaneous power (p) associated with a power system component is the product 
of the instantaneous values of the voltage (v) and current (i) at its terminals (p = vi). The 
integration of the instantaneous power variation over a complete cycle divided by the period 
of repetition, i.e. 


a/n | par 


provides the average or active power. If both the voltage and current vary sinusoidally at the 
same frequency, in terms of rms (root mean square) voltage (V) and current (/) quantities, 
the active power is expressed as 


P = VI cos() (1.1) 


where ó is the phase angle between the voltage and the current fundamental frequency waves. 

As the rms values are always positive, the product VI (referred to as volt-ampere or 
apparent power), gives no indication of the active power sign. It is the sign of cos 
(9) (the power factor) that determines whether the circuit component is generating or 
absorbing power. 

In Figure 1.1, using the voltage as the phase angle reference and resolving the current into 
in-phase (/,) and quadrature (7,) components, the product of V and 7, is clearly the active 
power, while the product of V and the quadrature component /7,, i.e. 


Q = VI sin($) (1.2) 


is referred to as reactive power. 

Reactive power is needed to establish the magnetic and electrostatic fields; it is temporarily 
stored and then released (i.e. it consists of positive and negative regions within the cycle). 
In fact the energy associated with the reactive power oscillates between the element and the 
rest of the circuit (at the rate of two reversals per period). Although the reactive power has a 
Zero average value, it still represents real reciprocating energy that must be present by virtue 
of the inductance or capacitance of the network. 

When 4, the phase angle difference in Equation (1.2), is between O and m, sin(@) is 
positive and the circuit element is said to be a consumer of Q; similarly, when @ is between 
m and 27, sin($) is negative and the element is said to be a generator of Q. The convention 


I, =Icos(@) 


I,-Isin(9) 


boom 
pe 


I 


Figure 1.1 In-phase and quadrature current components 
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used is that when Q is positive the current lags the voltage and when Q is negative the 
current leads the voltage 
Squaring the expressions of P and Q in Equations (1.1) and (1.2) and adding them gives 


(VI cos($))? + (VI sin($))? = (Vr (1.3) 
and 
Vi=/P?+Q@ (1.4) 


Equations (1.3) and (1.4) can be represented in a four-quadrant complex diagram, as shown 
in Figure 1.2, with the axes labelled +P and +jQ. 


Power transfer between active sources 


Figure 1.3 shows a purely inductive line interconnecting two ideal voltage sources V, and 
V, (which can be either generators or nodes of a synchronous system). The phasor diagram 
in Figure 1.4 represents the operating condition when the voltage at terminal | leads that 
of terminal 2 by an angle 6 (referred to as the power angle) and the current at terminal 2 
lags its voltage by an angle $ (referred to as the power factor angle). Using the voltage of 
terminal 2 as a phase reference, the following expressions are derived from this diagram: 


LX cos(@) = V, sin(6) (1.5) 
LXsin($) = V, cos(6) — V, (1.6) 


-Q 


T 


+Q 


Figure 1.2 Four-quadrant diagram with the voltage as reference 


Vi 26 V; Z0 


X 
(^ | NANNAN nae 


Figure 1.3 Interconnection between two synchronous systems 
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1,X Cos(9) 


LX sin(¢) 
h 


Figure 1.4 Phasor diagram for the interconnection of Figure 1.3 


From Equations (1.5) and (1.6) the active and reactive power transfers become 


P= V,I,cos(¢) = Von) (1.7) 
Q = V,1,sin(d) = ZARO) (1.8) 


Thus to control the P and/or Q transfers it is necessary to vary one or more of the four 
variables Vj, V), ô and X in Equations (1.7) and (1.8). As indicated earlier, the generated 
voltage phase and magnitude values can be controlled by the turbine governor and generator 
excitation respectively. However, from the power transmission viewpoint, the generator 
controls are slow and inefficient: the slow control imposes a power transmission restriction on 
the steady-state operating point, as the power angle ô in Equation (1.7) has to be kept low in 
order to preserve transmission stability following large disturbances; also the relatively large 
requirement of reactive power (Equation (1.8)) will overload unnecessarily the generation 
and transmission systems. 


Power transfer to a consumer load 


Consumer loads are connected to radial feeders, normally at the end of the power distribution 
network. Low power factor loads have a detrimental effect on the load voltage and, therefore, 
on the power transfer capability. This effect is illustrated with reference to Figure 1.5 on the 
assumption that the feeder and the primary system behind it are represented by a voltage 
source (V,) in series with a total system reactance (X,). To maintain the active power 
constant when the power factor reduces (i.e. angle @ increases) requires an increase in the 
load current, i.e. I, > l; this increase causes a higher voltage drop in the system reactance 
which, in turn, reduces the load voltage (V, ). 

Thus to maintain the required power level, either the source voltage must increase 
or some means of voltage support must be provided locally. For instance, the latter 
can be achieved by connecting a capacitance in parallel with the load. This will add 
a quadrature component to the load current and will reduce the overall current in the 
feeder; this solution is referred to as power factor correction. However, the use of local 
compensation by means of passive components, although efficient, is neither fast nor 
continuous and increases the likelihood of low-order harmonic resonance with the system 
impedance. 
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Figure 1.5 Effect of the load power factor on the load voltage 


1.2 Towards a More Flexible Power Grid 


A variety of technical, economical and environmental reasons affecting the generation, trans- 
mission and utilisation of power are forcing a rethink on the conventional power system 
development philosophy. The dilemma is that, on the one hand, there is growing opposition to 
the acceptance of new transmission lines and ever increasing primary transmission voltages. 
On the other hand, there is the realisation that power system interconnections bring undis- 
putable benefits, such as economies of scale, wider choices of generating plant, reductions 
in reserve capacity, diversity in demand, supply reliability, pooling opportunities, etc. 

Clearly an important factor in the solution is the possibility of increasing the power 
carrying capability of the transmission lines. In this respect conventional AC transmission 
is severely restricted by the need to keep the two systems interconnected by the line in 
synchronism following disturbances (i.e. when the phase difference between the terminal 
voltages increases rapidly), a condition referred to as transient stability. Therefore increases 
in the steady-state power carrying capability are linked to improvements in the transient 
stability levels, which in turn require faster controllability. Controllability and flexibility are 
used in power transmission as synonymous terms; in other words, greater flexibility implies 
greater and faster controllability. The latter has been made possible by the development of 
power semiconductors (discussed in Chapter 2) and their application to the control of power 
apparatus and systems, commonly referred to as power electronics. 


1.2.1 Power Electronics Control 


The advent of power electronics technology has been the catalyst for the provision of greater 
grid flexibility. A power electronics controller can be broadly described as a matrix of static 
switches connecting a number of input nodes to a number (not necessarily the same) of 
output nodes and the power flow may be in either direction. The circuits behind these nodes 
may be either DC or AC and predominantly inductive or capacitive. 


6 INTRODUCTION 


The application of power electronics in power transmission systems has led to the devel- 
opment of two complementary technologies, referred to as HVDC (High-Voltage Direct 
Current) [1-5] and FACTS (Flexible AC Transmission System) [6-7]. However, only the 
latter has so far used the term flexibile, which is often interpreted as an exclusive charac- 
teristic of this technology. This book widens the flexibility concept by discussing HVDC 
technology under the umbrella of flexible power transmission. 

Both HVDC and FACTS make extensive use of AC-DC static power conversion; the 
basic characteristics of this process are discussed in the next section. 


Static power conversion 


Within the power electronics discipline, the designation AC-DC static power conversion 
is used for the processes of rectification and inversion, which provide the basis for fast 
power controllability. As well as improving controllability, these two processes, when 
applied to DC transmission, also remove the synchronous constraints. The first consider- 
ation in the process of static power conversion is how to achieve instantaneous matching 
of the AC and DC voltage levels, given the limited number of phases and switching 
devices that are economically viable. The following circuit restrictions are imposed on a 
static power converter by the characteristics of the external circuit and of the switching 
components: 


1. If one set of nodes (input or output) of the matrix of switches is inductive, the other set 
must be capacitive so as not to create a loop consisting of voltage sources (or capacitors 
and voltage sources) when the switches are closed or a cut set consisting of current 
sources when the switches are opened. 


2. The combination of open and closed switches should not open-circuit an inductor (except 
at zero current) or short-circuit a capacitor (except at zero voltage). 


For stable conversion some impedance must, therefore, be added to the switching circuit of 
Figure 1.6(a) to absorb the continuous voltage mismatch that inevitably exists between the 
two sides. If the impedance is exclusively located on the AC side (as shown in Figure 1.6(b)), 
the switching devices transfer the instantaneous direct voltage level to the AC side and, thus, 
the circuit configuration is basically a voltage source converter (referred to as VSC), with 
the possibility of altering the DC current by controlling the turn-on and turn-off instants of 
the switching devices. 

If, instead, a large smoothing reactor is placed on the DC side (as shown in Figure 1.6(c)), 
pulses of constant DC flow through the switching devices into the AC side. Then, a basically 
current source converter results (referred to as CSC), again with the possibility of adjusting 
the direct voltage by appropriate switching control. CSC is the more practical alternative 
when using thyristor switches without turn-off controllability. 

Another classification relates to the source of the commutation process between the 
converter valves. When the source is the AC system voltage the converter is said to 
be line-commutated (LCC). LCC relies on the natural current zeros created by the 
external circuit for the transfer of current from switch to switch. CSC-LCC is the only 
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(a) 


Vac E Vio Va 


(b) 


ac 


Vac i Vo Va 


Figure 1.6 AC-DC voltage matching: (a) unmatched circuit; (b) circuit for voltage conversion; 
(c) circuit for current conversion 


practical alternative when using thyristor switches without turn-off capability. This is still 
the most common solution for DC transmission, even though it is the least flexible, and is 
discussed in Chapter 3. 

The alternative is self-commutation (a process described in Chapter 4), which is achieved 
independently from the external circuit components by the use of advanced switching devices 
with turn-off capability and, thus, provides greater flexibility. 

Static power converters are also classified by the principle, and related configurations, 
used to produce the output waveforms. The most flexible alternative, in this respect, is the use 
of a simple (normally two-level) converter configuration and a complex sub-cycle waveform 
control. This subject, discussed in Chapter 5, uses a high-frequency carrier signal to modulate 
the required waveform and is, thus, referred to as pulse width modulation (PWM). 

The second principle in the self-commutating category is the derivation of a stepped 
(multi-pulse or multi-level) waveform using only fundamental frequency switching. This 
concept, discussed in Chapters 6 and 7, is more efficient but less flexible than PWM, and it 
involves a greater number of components. 
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The main technical requirements of static converters for high-power applications are: 


1. The provision of high-voltage valves with balanced voltages across the series-connected 
individual switches during the off-state and in the dynamic regions. 


2. The ability to achieve high-quality output waveforms. 


3. Limitation of the dv/dt rate across the switches and other converter components to 
simplify insulation coordination and reduce RF interference. 


4. The ability to achieve high efficiency by reducing on-state and switching losses. 
5. Simplification of the topology to reduce component costs. 


6. Flexibility in terms of active and reactive power controllability. 


1.3 HVDC Transmission 


The original motivation for the development of DC technology was transmission efficiency, 
as the power loss of a DC line is lower than that of a corresponding AC line of the same 
power rating. However, this required the use of HVDC and, therefore, the development of 
conversion switches capable of withstanding high voltages 

The invention of the high-voltage mercury valve half a century ago paved the way for 
the development of HVDC transmission. By 1954, the first commercial DC link came 
successfully into operation and was soon followed by several other schemes orders of 
magnitude larger. The success of the new technology immediately triggered research and 
development into an alternative solid-state valve, which by the mid-1960s had already 
displaced the use of mercury arc valves in new schemes. The early history and technical 
development of the HVDC technology are described in [8]. 

Substantial progress made in the ratings and reliability of thyristor valves has increased 
the competitiveness of HVDC schemes. DC transmission has lower transmission losses 
and cost than equivalent AC lines, but requires terminal equipment which adds to the cost 
and power losses. Thus traditionally, the DC option has been found economically viable 
only when the distance involved is long and the amount of energy to be transferred large. 
However, there are other factors that must be taken into consideration in the selection of 
an HVDC interconnection. An important factor in the economic comparison between AC 
and DC interconnections is to determine whether synchronisation of the previously separate 
systems is feasible and economical. 

Issues affecting the feasibility of the interconnection include: 


e whether the cable (in the case of a submarine interconnection) exceeds its capacity to 
carry its own charging current (for sea cable interconnections with distances over 50 km, 
DC is the only practical solution); 


e whether the link is capable of maintaining synchronism of the two systems under all but 
extreme operating conditions; 
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e whether it is practical to arrange generation and frequency control in the joint system on 
a common basis; 


e whether the synchronous interconnection exceeds the fault levels of the interconnected 
systems. 


All the above issues can be avoided when using the DC alternative, which offers the following 
advantages: 


e lack of technical limitations on the length of a submarine cable; 
e the interconnected systems do not need to operate in synchronism; 
* no increase in the short-circuit capacity is imposed on the AC systems switchgear 


e any power transfer can be set independently of impedance, phase angle, frequency and 
voltage; 


* the receiving end of the link operates like a generator, i.e. it can supply power according 
to any prespecified criteria (load flow, frequency control, voltage regulation, etc.); 


e the interconnection can be used as a fast system's generation reserve to be able to provide 
power immediately; 


e the DC link can be operated to improve the stability of one or both AC systems by 
modulating the power in response to the power swing. 


HVDC links are built for a variety of purposes and the specific factors to be taken into 
account in their economic evaluation will depend on the purpose of the link. As well as 
identifying the main economic risks and uncertainties, the assessment must take into account 
the environmental and institutional changes bringing competition to the electricity supply. 

Very often the projected links are intended to deliver firm energy from remote sources to 
a loading centre, in which cases the economic evaluation will be mainly concerned with the 
cost of generation and transmission. 

The main purpose of recently emerging merchant plants (or IPPs, for Independent Power 
Producers) will be to calculate the cost of energy delivered to the proposed market. 

In schemes developed for a one-way flow of energy an important extra consideration will 
be the variability of the price of energy purchased and sold. Some schemes are justified in 
terms of the seasonal variations in the interconnected systems. In such cases the economic 
analysis will be based on the impact of the interconnection on total costs in both systems. 

HVDC interconnections are also considered for mutual support, such as reserve sharing, 
generation capacity savings, etc. In these cases the economic evaluation must also take into 
account the impact of the interconnection on the total capital and operating costs of the two 
systems to be connected. 

The place of conventional and modern HVDC in power systems can be found in [9] and 
[10] respectively. The reliability of HVDC schemes, expressed in the permissible number 
of forced outages (and therefore the unavailability of the system), is published by CIGRE 
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every two years [11]. The economic assessment of HVDC transmission has been the subject 
of a recent CIGRE Working Group document [12] and the procedure to calculate HVDC 
losses has been established by the IEC [13]. 


1.3.1 Thyristor-Based CSC Transmission 


The thyristor, or silicon-controlled rectifier (SCR), has been the only solid-state switch used 
in the process of HVDC conversion, prior to the availability of high-power turn-off switching 
devices. The thyristor converter is still the most cost-effective solution for large-power and 
long-distance power transmission. 

With reference to the complex diagram of Figure 1.2, converter operation in the two 
lower quadrants permits bidirectional transfer of active power but only absorption of reactive 
power. The DC current flow is unidirectional, but the DC voltage can be reversed. This 
mode of operation is achieved purely by thyristor turn-on control. 

Since the static conversion process provides rectification and inversion, its use in power 
transmission permits the interconnection of synchronous and asynchronous systems. The 
elimination of the synchronous restrictions permits a better utilisation of the transmission 
systems. In half a century of existence the static converter terminals used in DC technology 
have gone from tens to thousands of megawatts, with present individual SCR ratings of over 
8 kV and 4 kA. In fact the modular design of series SCR structures permits the use of valves 
of any power and voltage rating; this is an important factor because bipoles with only one 
converter group per pole appear to be more reliable than bipoles with two converter groups 
per pole (probably because the more items of equipment, the more there is to go wrong). 
However, the converter size may, of course, be limited by the interface transformer. 

SCR-based conversion provides active power controllability (i.e. rectification and inver- 
sion) at the expense of large and varying demand of reactive power. Both the rectification 
and inversion processes consume reactive power, because the commutation is performed by 
the voltage source and the leakage reactance of the converter transformer generally domi- 
nates the commutation circuit. Therefore, the fundamental component of the current always 
lags that of the voltage. Moreover, for inverter operation, as the commutation overlap is not 
known at the instant of firing, an extinction angle of the order of 15° must be allowed to 
prevent commutation failure and this increases further the consumption of reactive power, 
which will be of the order of between 50 and 60 % of the active power in normal operation. 
As the reactive power consumption varies with load, the filters and extra capacitors must be 
switched by means of circuit breakers to match the converter reactive power requirement. 
If the commutation circuit inductance is compensated by means of series capacitance, unity 
power factor is possible; this is the purpose of the so-called CCC (Capacitor-Commutated 
Converter or Conversion), a configuration described in Chapters 3 and 9. 

A minimum short-circuit level is needed for stable operation of LCC, because an active 
power change requires a corresponding change in reactive power, which causes voltage 
fluctuations. Moreover, AC system voltage drops cause further reactive power consumption 
which may lead to a voltage instability. To avoid this instability the short-circuit ratio (or 
SCR), defined as the ratio between the AC system short-circuit power and the rating of the 
converter, is rarely below two. 

The reversal of power flow requires a polarity change of the DC system voltage. This is 
not a problem in two-terminal DC transmission systems, but complicates the operation of 
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multi-terminal DC schemes, which would need the use of mechanical switches to achieve 
individual terminal power reversals. 

Despite their limited controllability, static LCCs of high reliability are now used exten- 
sively in the power transmission field, either as long-distance interconnections or back-to- 
back asynchronous links. The conventional thyristor-based LCC technology is at present 
superior to self-commutating VSC transmission in terms of capital cost, power losses and 
reliability for large-scale HVDC transmission. 

Over 75 GW of installed capacity is already in existence and more capacity is added every 
year, despite its inherent reactive power restriction. Present schemes include both overhead 
and cable point-to-point schemes as well as zero-distance (back-to-back) interconnections. 

Chapters 8 and 9 describe the present state and future developments of LCC-CSC trans- 
mission and Chapter 11 discusses the potential application of thyristor-type self-commutating 
multi-level alternatives. 


1.3.2. VSC Transmission Based on the Integrated Gate Bipolar 
Transistor (IGBT) 


The flexibility of the transmission system can be greatly improved by the use of VSC-based 
four-quadrant static power conversion, the subject of Chapter 10. VSC transmission permits 
the flow of active power, as well as the provision of reactive power, in either direction at each 
end of the link. It is particularly effective when combined with cable transmission, because 
in this case the lack of polarity reversal greatly simplifies the cable design. However, their 
power rating is restricted to about 300 MW, although larger ratings are under development, 
due to the voltage limitations in the presently used PWM technology. 

Self-commutated VSC does not need an AC system voltage source for the commutations 
and therefore can operate stably with any (even zero) SCRs. VSC can be controlled to 
generate or absorb reactive power independently from the active power flow. The maximum 
active power that can be exchanged with the AC system is limited only by the reactance 
of the AC system viewed from the VSC terminals. VSC, whether the PWM or multi-level 
control concept is used, reduces substantially the generation of harmonics; therefore the 
need for filters is eliminated or their size reduced to absorb only the higher harmonics. The 
low rating of passive filtering required by VSC also eliminates the problem of overvoltages 
following converter disconnection. As it is possible to change the current flow direction, fast 
power reversal can be achieved at each terminal of a multi-terminal DC scheme without the 
need for switching operations. 

The following applications have been identified for VSC transmission [14]: 


1. The supply of power to isolated areas without generating sources, as it avoids the need to 
install expensive synchronous compensators. In this application the inverter end controls 
the frequency and the voltage of the receiving system. 


2. The interconnection of two or more synchronous or asynchronous AC systems, where 
each converter end controls its own AC voltage and all, except one of them, their DC 
power contribution, while the remaining converter controls the DC voltage. 
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3. To bring power from an offshore wind farm to an onshore substation. At the sending 
end, the control of frequency, voltage and power can be coordinated with the generators, 
which can be induction machines, as well as with the turbine pitch controller and the 
wind velocity. 

The variable speed of the wind turbine using static converters allows a reduction in 
mechanical load and much greater control of the output. This can also be achieved by 
a doubly fed induction generator (DFIG). Variable speed turbines can then be used by 
injecting a variable voltage into the rotor of the induction generator via slip rings at the 
slip frequency. In this case a low-voltage DC link using two AC-DC IGBT-based VSCs 
injects the rotor voltage. The converter rating required for the variable speed range is 
of the order of 25 % of that of the generator. When running at super-synchronous speed 
the DFIG wind turbine will deliver power from the rotor through the converters to the 
network, while at sub-synchronous speed the DFIG rotor will absorb power. 

However, distributed generation systems based on the direct connection of induction 
generators may often be impractical because of the fault-level increase, and in such cases 
a DC link interface can be a more effective solution. 


4. The direct connection of generators to DC links [15] avoids the need for generator trans- 
formers and AC filters and reduces considerably the switchgear requirements. Voltage 
control can be exercised entirely by the generator excitation and, thus, converter trans- 
former tap-changers are not needed. While no use has been made to date in conventional 
power stations, the idea is now being used to transmit DC power from synchronous 
generators in oil rigs and is equally applicable to wind generation. Also, with the use 
of flexible static power conversion, which eliminates the need for the supply of reactive 
power, the unit connection concept can be extended to non-synchronous generators. 


1.3.8 Multi-terminal HVDC 


The extension of CSC technology to multi-terminal HVDC has been discussed for over 
four decades [16, 17], the interest peaking in the 1980s, by both academic researchers 
and the power industry. However, only one fully multi-terminal scheme was constructed 
for commercial operation [18]. Its object was to convert the Hydro-Quebec-New England 
link (commissioned in 1986) into a five-terminal scheme with the addition of three further 
terminals. However, the original two-terminal link (between Des Cantons and Comerford) 
was never integrated into the multi-terminal DC network because of anticipated performance 
problems. No other (higher than three) multi-terminal scheme has been considered since 
then based on CSC technology. When at the planning stage a third terminal extension is to 
be made in the future, this is equivalent to reducing the transmission distance, and makes 
the DC solution less competitive. 

Normally the power rating of a proposed third-terminal tap is relatively small compared 
with the main transmission link and, therefore, the high transmission voltages of the bipolar 
interconnection will require expensive converter equipment for a parallel-connected third 
terminal. To try and reduce the cost, consideration has been given to the use of series, rather 
than parallel, tapping of the additional terminal. There have been many contributions on the 
series tapping concept to show that it is technically feasible, but none has been built so far. 
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The transistor-based VSC technology is better suited to multi-terminal HVDC 
transmission. However, due to present limitations on the transmission voltage, the multi- 
terminal applications being discussed relate to medium-voltage DC grids interconnecting 
different alternative energy sources (such as wind farms, solar panels, etc.) with local loads 
and the distribution system. This topic will be discussed in Chapter 10. 


1.3.4 The Flexibility Concept Applied to HVDC 


The term flexibility has been defined with reference to AC transmission and it implies the use 
of power electronics control. In this respect the conventional thyristor-based option described 
in Section 1.3.1 is already a flexible system. However, this option is severely restricted by 
the switching characteristics of the SCR, or thyristor, and requires considerable support at 
the terminals for stable operation. The recent incorporation of advanced switching devices 
permitting self-commutation (described in Section 1.3.2) has greatly increased the degrees 
of freedom of HVDC transmission and, therefore, its flexibility. The new HVDC converters 
are capable of controlling their terminal voltage and power conditions independently from 
the AC system parameters. In a fully flexible DC system, the fundamental component of the 
converter output voltage can be controlled in magnitude and phase, and its harmonic content 
practically eliminated. 

HVDC is also being introduced in distribution systems, especially in the presence of 
distributed generation, to decouple the voltage and frequency of the various energy renewable 
and non-renewable generating sources from the nominally fixed values of the conventional 
grids. In this respect it is an interesting matter to discuss the appropriateness of the term 
HVDC for use in distribution systems. A recent CIGRE document [19] has considered 
the use of the acronym FDS (Flexible Distribution System) for a distribution system that 
employs power electronics controllers to make the distribution of electricity more reliable, 
controllable and efficient. The advantage of the term FDS is that it includes FACTS and 
HVDC. However, the Working Group finally adopted the more conservative approach and 
decided to continue using the presently accepted terminology, i.e. FACTS-D and HVDC. 

The question of whether the acronym HVDC needs to be further extended to differentiate 
between transmission and distribution has not been discussed. In this book we have decided 
to consider the whole subject under the umbrella of HVDC transmission. The reasons for 
the decision are the lack of clear boundaries (in terms of voltage or power levels) between 
conventional transmission and distribution systems and the changing nature of distribution 
systems, including the use of dispersed generation, which is often installed to supply power 
to the network. HVDC transmission is sufficiently general to cover all present and future 
HVDC applications, even multi-terminal ones, and should provide a more permanent term. 


1.4 Relative Power Carrying Capability of AC and DC Transmission 
Lines 


(1) For a given insulation length, the ratio of continuous-working withstand voltages is 


_ . DC withstand voltage 
~ (rms) AC withstand voltage 


(1.9) 
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(2) 


(3) 
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If an overhead line is passing through a reasonably clean area, k may be as high as 4/2, 
corresponding to the peak value of rms alternating voltage. The DC advantage is even 
greater for cable transmission, where k is at least two. 


A transmission line has to be insulated for overvoltages expected during faults, 
switching operations, etc. To meet such requirement the AC lines need levels of insu- 
lation corresponding to an AC voltage of 2.5 to 3 times the normal rated voltage, i.e. 


u AC insulation level 
' rated AC voltage (E,) 


=235 (1.10) 
On the other hand, with suitable converter control the corresponding HVDC trans- 
mission ratio, 1.e. 


u DC insulation level " 
^ rated DC voltage (Vj) 


1.7 (1.11) 


Thus for a DC pole-to-earth voltage V, and AC phase-to-earth voltage E, the 
following relation exist: 


. . : insulation length required for each AC phase 
insulation ratio — 


insulation length required for each DC pole — (k k1 /ka)(Ep/ Va) 

(1.12) 
The total transmission losses result from the addition of those in the converter and in 
DC line. For a bulk power transmission of 6 GW, Figure 1.7 compares the losses of 
several AC and DC voltages for various transmission distances [20]. Beyond a distance 
of 500 km the line losses dominate the station losses and thus DC solutions become 
more efficient than their AC counterparts. The comparison shows that for a distance 
of 1000 km (for which the various options are optimised in this example), the losses in 
the 800kV DC option are about 1 % lower than for the 500 KV alternative. 
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Figure 1.7 Transmission losses over transmission distance for HVAC and HVDC (Zhang, X.P. 
(2006), ‘A grid for tomorrow’, Power Engineer, October, reproduced by permission of the IET.) 
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(4) Consider a new DC transmission system to be compared with a three-phase AC system 
transmitting the same power and having the same percentage losses and using the same 


(5) 


size of conductor. The DC system is considered to have two conductors at 3 


Power in the AC system:  3E,I, (assuming that cos() = 1) 
Power in the DC system: 21,V, 

AC losses: 3ER 

DC losses: 2ER 


Equating line losses, 
3ER —-2DR 
Or 
I, = (/3//2)L, 
Equating powers, 
3E,I, —2I,V, 
Or 
Va = (/3/42)E, 
and substituting Equation (1.16) in Equation (1.12), 


insulation ratio = (kk, /k,) (4/2/ 4/3) 


tV; to earth. 


(1.13) 


(1.14) 


(1.15) 


(1.16) 


(1.17) 


For the values of k, k, and k, recommended above, the above ratio is equal to 1.2 for 


overhead lines and 2.4 for cables. 


The AC line consists of six conductors, which is equivalent to three bipolar DC circuits, 


each having two conductors at +V, to earth, respectively. Thus 


power transmitted by AC: P, = 6E, I, 
power transmitted by DC: P,=6V,I, 


On the basis of equal current and insulation 


I=L, 
Va = (kk, /k,)E, (derived from Equation (1.12) set to one) 


The power ratio is therefore 


V 
p =g 7) 


a p 


(1.18) 
(1.19) 


(1.20) 
(1.21) 


(1.22) 
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and since the actual losses are the same, the percentage power loss ratio will be the 
inverse of Equation (1.22). Thus, for the same values of k, k, and k, used above, the 
power transmitted by overhead lines can be increased to 147 96, with the percentage 
line losses reduced to 68 % and corresponding figures for cables of 294% and 34%, 
respectively. 


(6) Following on from (5) above, consideration is being given to the conversion of existing 
AC transmission corridors for use in DC transmission, with the aim of increasing their 
power carrying capability. In this respect a double three-phase transmission corridor 
could be used as three parallel DC lines, operating at higher voltage and current levels 
(the latter determined purely by thermal considerations, as there is no transient stability 
restriction in the DC case). An interesting recent proposal for a single three-phase line 
is the use of a modulated control to change periodically the DC power in the three 
conductors to balance their thermal capability [21]; this solution requires bidirectional 
current carrying capability in one of the three conductors, and therefore an extra 
converter in opposition at each end. 


1.5 The Impact of Distributed Generation 


A great variety of renewable and non-renewable sources are being considered as alternative 
sources of power generation, closer to the points of utilisation. The most typical examples 
are co-generation, small hydro, wind farms, fossil-fuelled generators, photovoltaic systems, 
fuel cells and microturbines. These can operate as separate units or be integrated with the 
synchronous grid. 

In addition to environmental benefits, distributed generation (DG) is also seen as offering 
important possibilities for improving the quality and security of power supply; it can provide 
improved reactive power and system voltage control, may avoid losses and user-of-system 
charges, as well as provide black start capability and the prospect of system islanding. 

In the present state of development the proportion of DG installed varies between countries 
from about 10 to 30 %, and these figures are expected to increase substantially in the future. 

There is an increasing tendency for dispersed generators to be connected to the distribution 
network through static power conversion. This is of course essential with DC sources such 
as fuel cells and photovoltaics, but even some large designs of wind turbines transmit their 
power through converters. 

In the future the large number of dispersed generators may lead to alternative network 
designs, including for instance ‘active distribution networks’ where the operation of the 
dispersed generators is integrated with that of the network. 


1.6 The Effect of Electricity Deregulation 


An important factor behind the change towards greater flexibility has been the now gener- 
ally accepted deregulation philosophy, which encourages the development of a competitive 
market, whereby energy providers and buyers have open access to the transmission services. 
In this new environment power generation and transmission are unbundled and the control 
of the grid is in the hands of an independent system operator. For competitive reasons, 
unbundling seems to discourage the generators from investing in equipment to provide 
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effective reactive power control of the transmission system, and this has serious implications 
on voltage and power stability. 

Thus, without appropriate countermeasures, the reliability and security of the power 
system should deteriorate. These problems can, of course, be reduced by conventional 
transmission system reinforcement, but the cost and the difficulty of obtaining new rights of 
way discourage such an approach. 


The transmission network as an active market player 


In the present market philosophy for the generation of electricity the network service 
providers play no part in the location and level of operation of the generating plants. They are 
therefore ill-equipped to respond with developments suited to the random needs of the market 
following generator bids. And yet the deregulation benefits can only be fully exploited when 
the network services become active players in the market, even in competition with the 
generators. The lack of competition has been an important factor in the gradual deterioration 
of national grids. Only when the transmission system becomes an active player in the market 
will there be sufficient incentive for suitable development of the grid. 

While the owners of regulated networks receive a fixed revenue on their investment, those 
of unregulated networks get their income from the market players according to the services 
provided. The principal source of income in this case is the spot price differential between 
the terminals of the interconnected system. A further source of income can be the provision 
of ancillary services. Thus, as well as energy, there are markets developing in power reserve, 
frequency regulation, black start capability and voltage control. 

However, to compete in the power market, the network services should be independently 
controllable, a condition difficult to meet by conventional synchronous interconnections, 
particularly when the size of the tie is small relative to the interconnected systems; in such 
cases the tie will be easily overloaded (and thus disconnected) even by normal operating 
changes in either of the interconnected systems. 


A comparison of system interconnections 


The liberalisation of the electricity industry relies on system interconnections to permit 

the exchange of power among regions or countries and to transport electrical energy more 

economically and (environmentally) acceptably over long distances to the load centres. 
Among the advantages of interconnection are: 


e the pooling of generation capability with the opportunity to utilise diverse primary energy 
resources; 


e the creation of larger markets, which enable economies of scale to be realised in the 
operation of power plants and in accommodating demand growth; 


e greater flexibility for the introduction of competition into electricity supply. 


Traditionally such advantages have been achieved by the use of additional AC lines between 
the various subsystems, in order to strengthen the interconnection. However, with the 
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increasing complexity of power systems the reliability of power supply has deteriorated and 
the number of blackouts in various parts of the world has increased. Thus strengthening 
the transmission system is essential to the reliability of block power interchanges among 
interconnected power systems. The probability of blackouts can be substantially decreased 
with the use of back-to-back HVDC interconnections due to their asynchronous character 
and greater controllability. 

Possible additional bottlenecks inside the AC systems, resulting from the increased trans- 
mitted power, can be avoided by the use of long-distance HVDC links integrated into the 
system to transmit power directly from remote power generation to load centres. 

The cost advantage of HVDC transmission in a multi-system environment has been 
quantified [22] with the help of a benchmark model of an interconnected system. The 
benchmark model is used in a rigorous power flow study to incorporate an extra 2000 MW 
transmission between two systems separated by 950 km. The AC reinforcement option 
required 950 km of double 400 kV and 750 km of single 400 kV lines, as well as their 
associated switchyards. For the HVDC alternative, two DC converter stations and a point- 
to-point 950 km, +500 kV bipolar overhead line were required. When the total investment 
and the capitalised losses are taken into account, the DC solution was found to be 70% 
cheaper. 


1.7 Discussion 


Both the use of FACTS and HVDC increases the power carrying capability of a transmission 
line. In this respect, FACTS technology has probably reached its peak with the develop- 
ment of the unified power flow controller (UPFC) [6, 7], where a proportion of the AC 
power transmission is subjected to AC-DC-AC conversion, though still has to meet all the 
requirements of the synchronous AC system. 

Originally, the boundaries between HVDC and FACTS were determined by the type of 
transmission waveform (i.e. AC or DC), the solid-state devices used (which in the HVDC 
case had been restricted to the SCR) and the power rating of the schemes. However, as 
the rating and acceptability of alternative solid-state devices improve, these boundaries are 
gradually becoming ‘blurred’. HVDC is beginning to use the more advanced switching 
devices and the FACTS controllers are increasing their power rating. The general acceptance 
of FACTS technology has to a large extent changed the attitude towards DC transmission 
and the industry has become more open to alternative designs. 

The asynchronous interconnector (with or without transmission distance) provides a higher 
degree of flexibility than the UPFC, and in many cases will be the only practical alterna- 
tive for the interconnection of separate networks, by retaining (albeit increasing) the power 
controllability, while removing the synchronous constraints (fault-level increases, transient 
stability, etc.). The asynchronous link provides the perfect isolation between the intercon- 
nected parts and can be designed to provide any required level of power quality control (such 
as harmonic distortion, unbalance, flicker voltage, etc.). The zero-distance (or back-to-back) 
asynchronous interconnector has been part of HVDC transmission technology from its very 
beginning. 

Increased transmission flexibility comes at a price in terms of either components or energy 
efficiency. Therefore, the concept of a new standard HVDC converter (the conventional 
approach) does not necessarily produce cost-effective solutions for all applications. It is 
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thus essential to consider the degree of flexibility required for the particular transmission 
application (i.e. taking into account power ratings, transmission distances, extent of ancillary 
services expected, etc.), before deciding on the most appropriate HVDC alternative 

Despite its limited controllability, the thyristor-based HVDC technology is still the 
preferred one for long-distance, large-power transmission. However, with the use of more 
advanced switching devices, such as the IGBT and IGCT (Integrated Gate Commutated 
Thyristor), an HVDC interconnection can now be designed to combine any or all the prop- 
erties of the individual FACTS controllers: it permits maximum power transfer regardless 
of the AC voltage phase relationship, delivers or absorbs the required reactive power to 
maintain the specified voltages at the interconnected buses, contains fast emergency controls 
to avoid large fault current levels, is designed (if required) to control sub-synchronous reso- 
nances, etc. Moreover, the DC link permits the connection of asynchronous systems and 
systems of different frequencies. A modern DC link can be the ultimate power transmission 
controller, i.e. the most flexible transmission system. 
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2 


Semiconductor Power Devices 


2.1 Introduction 


Progress in power semiconductor types and ratings is such that a review of their current 
state, important as it is to the subject of this book, will be very short lived, and any 
recommendations on their specific application must be looked at in this context. 

Historically, the application of semiconductors to HVDC transmission started with the 
silicon-controlled rectifier (SCR) in the late 1950s. Despite its age the SCR, though with 
highly improved current and voltage ratings, is still the most widely used semiconductor 
in HVDC conversion. However, the restricted controllability and low switching frequency 
of the SCR has encouraged the development of alternative power semiconductors of the 
thyristor and transistor families. 

This chapter describes the basic structure and characteristics of the power semiconductor 
devices currently used or with potential applicability to HVDC transmission. The physics of 
semiconductors, covered in many good references such as [1-3], is outside the scope of the 
book. However, a brief introduction to semiconductor principles is required to understand the 
terminology used by the industry to describe the characteristics of the devices. A thorough 
review of the state of power semiconductors being used and under consideration for HVDC 
and FACTS application was carried out by a CIGRE Working Group in 1996 [4]. Ongoing 
developments in power semiconductors are now an important part of the main international 
conferences on the subject of power electronics. 


2.2 Semiconductor Principles 


Semiconductors are materials with conductivities intermediate between insulators and metals, 
which are controllable over a wide range. These materials possess quasi-continuous bands 
of allowed electronic states. The energy bands are separated by forbidden bands inaccessible 
to electrons. 
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For as long as the energy bands are empty or completely filled with electrons there can 
be no movement of electrons, i.e. no current. If, however, there are some electrons in an 
otherwise empty band, these can move about in an electric field and conduct a current. 
Conversely, if some electrons are missing from an otherwise completely filled band, empty 
electron states or holes are formed; the remaining electrons may move into these holes, thus 
creating other holes in the states the electrons have vacated. Thus the holes can move about 
in the energy band. Both the electrons and holes are called carriers, although conventionally 
the holes are considered as moving (rather than the electrons) and carrying positive charge 
as a current. 

At low temperatures the highest band containing electrons (valence band) is filled 
completely, while the next band (conduction band) is empty and thus the conductivity is 
zero. Thermal energy or light can raise single electrons from the valence to the conduction 
band, a mechanism termed generation. This leads to a double contribution to the conduc- 
tivity, i.e. one electron in the conduction band and the hole it has left in the valence band. 
When an electron leaves the conduction band to fill a hole in the valence band, energy is 
liberated and dissipated as heat. This mechanism is called recombination and annihilates 
two charge carriers, i.e. one hole and one electron. The number of free electrons and holes 
in an ideal semiconductor is a function of temperature. 

In addition to the carriers generated by thermal energy or light, further carriers can 
be provided by impurities (such as phosphorus or arsenic) purposely introduced into the 
semiconductor, a technique referred to as doping. Doping can be of n-type, the species 
affecting it being called donors because they add a freely moving electron to the conduction 
band, or of p-type, which increases the conductivity by one positively charged hole. In 
contrast to generation, doping with impurities adds only one of the two carrier types. The 
carriers introduced by the impurity atoms determine the conductivity in a doped region and 
are called majority carriers. Devices in which both types of carriers are present are called 
bipolar devices, as opposed to unipolar devices, in which the number of one type of carrier 
is much larger than the other. High-voltage devices require light doping, which is achieved 
by neutron irradiation of silicon. 


2.3 Power Semiconductor Elements 


2.3.1 The pn Rectifier 


The pn diode rectifier is a two-layer bipolar device. If the p-layer voltage is positive with 
respect to the n-layer, a large current will flow on the application of a voltage across the device 
in the forward-biased direction. When the p-layer is negative with respect to the n-layer, the 
device is reversed biased and only a small reverse current flows through the junction even 
at high voltage; in this case the reverse current is almost independent of the reverse voltage 
applied and very dependent on temperature. The structure and current/voltage characteristics 
of the pn rectifier are shown in Figure 2.1. 


Blocking capability 


If the electric field exceeds a critical value (2 x 10? V/cm in silicon) the free carriers are 
accelerated to the point where they can generate further electron-hole pairs and the additional 
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Figure 2.1 The pn structure (forward and reverse biased), current/voltage characteristic and diode 
symbol 


free carriers are themselves accelerated and generate further electron-hole pairs. This leads 
to an avalanche of carriers and a large increase in reverse current which may destroy the 
device. 

The blocking capability or breakover voltage, i.e. the voltage for the onset of avalanche 
in silicon, is theoretically 25 kV. However, there are other limiting factors like defects, 
non-uniformities and shape of the doping profiles, as a result of which only 10 to 12 kV can 
be expected. 


Switching behaviour 


The main switching specification of a power diode is its rate of change of current (di/dt). 
When the diode is part of an inductive circuit, di /dt is controlled by the inductance; however, 
if the diode is used for free-wheeling, di/dt is controlled by the turn-off characteristic of the 
controllable solid-state device. 

The switching process requires time to complete. Since the blocking action is due to the 
presence of a depletion zone, turn-on requires flooding the depletion zone with carriers for 
the device to change into its conducting state. 

The time dependence of forward voltage (Vp) and forward current (Ip) during turn-on is 
illustrated in Figure 2.2, where (f, + 15) represents the forward delay (i.e. the time required for 
the voltage to drop to 1.1V;); t; is in the hundreds of nanoseconds and r, in the microseconds 
regions respectively. 

On the other hand, turn-off requires the removal of charge carriers from the pn junction in 
order to build the depletion layer needed to block the voltage. At the time of commutation 
the central zone is flooded with carriers and in an inductive circuit the rate of change of the 
reverse current will be determined by the inductance; only after all the excess carriers of 
the central zone are removed will the reverse current reduce to a sufficiently low off-state 
level for the device to be able to block the applied voltage. The time dependence of the 
current and voltage during turn-off is shown in Figure 2.3, where f, is the storage time, t; 
the reverse current fall time and f,, the reverse recovery time. 
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Figure 2.2 Forward voltage and current of a power diode at turn-on 


dig/dt 
Qir = Irrtrr /2 

0.251, 

t 

NM í 

[ 

hi ts i t4 i ts ^ 
K ty » 

H 

| » 

S zty/t4 | Vn 


Figure 2.3 Forward voltage and current of a power diode during turn off 
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To reduce the switching time the carrier lifetime can be controlled by diffusion of gold 
or platinum and irradiation with electrons, protons or helium. However, there is a trade-off 
between carrier lifetime magnitudes and on-state losses. 


2.3.2 The Transistor 


The transistor is a three-layer bipolar device consisting of two pn junctions in series back 
to back as shown in Figure 2.4. Under normal operation the collector junction is reversed 
biased while the emitter junction is forward biased. Therefore the emitter injects electrons 
as minority carriers into the p-base where they drift towards the collector junction. The 
electric field in the collector junction space-charge region accelerates the injected electrons 
into the collector zone so that they can build up a current in the external circuit back to 
the emitter. The magnitude of this current depends on the electron concentration gradient 
in the base zone, and that in turn depends on the forward bias of the emitter—base junction. 
By varying the emitter—base current the collector current can be modulated. The collector 
current varies exponentially with the emitter-base voltage V4, and is independent of the 
collector-base voltage Vcg; this leads to saturation, as shown by the characteristics of 
Figure 2.5. 


2.3.8 Metal-Oxide-Semiconductor Field-Effect Transistor 


The metal-oxide-semiconductor field-effect transistor (MOSFET) is a unipolar device, 
i.e. the charge flow consists only of majority carriers (electrons). 

As shown in Figure 2.6, the gate electrode is insulated from the p-substrate by a thin layer 
of SiO,, which together with the surface layer of the substrate constitutes a capacitor. Two 
highly doped n* regions at the sides of the gate area form the source (cathode) and drain 
(anode) which are connected to a load R, and a voltage source Vps. 

In the absence of gate voltage, only a small reverse current (that of the n*p diode) biases 
the drain and the device in the off-state. When a positive gate voltage is applied the capacitor 
is charged. The electron density at the substrate—oxide interface is enhanced by the charge 
stored in the capacitor and an inversion layer is formed which acts as a conducting channel 
between source and drain. The current is supported only by majority carriers (electrons), 
which have very low relaxation time and therefore permit very fast switchings. The current 
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Figure 2.4 Transistor structure and symbol 
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Figure 2.6 Structure and symbol of the lateral n-channel MOSFET 


causes a voltage drop along the channel and, therefore, the capacitor voltage at the drain end 
is lower and the channel is shallower. Above a certain value of Vp, the channel is pinched 
at the drain side and becomes shorter for increasing Vj, levels. The voltage leads to the 
formation of a space-charge region at the drain n*p junction, which takes up the additional 
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Figure 2.7 Typical MOSFET current/voltage characteristics 


voltage without a further increase in current. This leads to the saturation characteristics 
shown in Figure 2.7. 

High conductivity requires short channel lengths, which results in relatively low voltage 
blockings, a property that makes the MOSFET unsuitable for high-power and high-voltage 
applications. However, its low gate energy requirements and fast switching capability make 
the MOSFET an ideal auxiliary device as a gate amplifier for thyristor devices, such as 
the GTO (Gate Turn-Off), IGCT (Integrated Gate Commutated Thyristor), MTO (MOS 
Turn-Off) and ETO (Emitter Turn-Off). 


2.4 Dynamic Stresses on Power Switches 
2.4.4 Rate of Change of Voltage (dv/dt) 


The dv/dt characteristic is the maximum rate of rise of anode to cathode voltage which will 
not trigger the device. Fast switching results in high dv/dt and possibly voltage overshoot 
at turn-off which can last for a few microseconds as shown in Figure 2.8 [5]. 

The dv/dt is particularly high (typically 15 kV /j.s) for converters employing series devices 
(using synchronous switching). The stresses experienced by individual switches depend on 
their position within the converter arm and on the stack topologies. In a two-level converter 
(a subject discussed in Chapter 4) all devices are subjected to similar stresses (switching loss, 
conduction loss, dv/dt, di/dt and peak voltages). In multi-level arrangements (a subject 
discussed in Chapter 6) the outer devices are subjected to higher switching losses than 
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Figure 2.8 Recorded IGBT voltage waveform 500 V/div and 2S/div (Shakweh, Y. (2000), ‘New 
breed of medium voltage converters’, Power Engineering Journal, February, reproduced by permission 
of the IET.) 


the inner devices, but the latter have higher conducting losses. The stress distribution is 
determined by the operation mode of the converter over the load duty cycle. 

With reference to PWM (Pulse Width Modulation) conversion (a subject discussed in 
Chapter 5), in the absence of filters, dv/dt causes (i) a voltage doubling effect at the 
rising/falling edges of the voltage waveform, due to the wave propagation in long cables; 
(ii) earth currents to flow in the cable stray capacitance; and (iii) inductive and capacitive 
couplings between live components and earth, resulting in common mode and differential 
mode noise. 


2.4.2 Rate of Change of Current (di/dt) 


The di/dt rating indicates the maximum rate of rise of current that the device can withstand 
without deterioration. The latter is often caused by local ‘hot spots’ in the junctions of the 
device during turn-on. A variety of techniques are used to extend the initial conduction 
region, such as the use of interdigitated gates (that exploit the transversal field caused by 
the exciting current), the use of an amplifying gate, etc. 

The admissible limit is determined by 7?t under overload conditions. The temperature of 
the crystal also limits the admissible di/dt. This di/dt has no unique value for all operating 
conditions and is thus chosen for the most severe and frequent conditions. 

If the rate of rise of the current is greater than the permitted value, it must be limited by 
additional series inductance in the circuit. 


2.4.3 Balancing Problems in Series Chains 


Static balancing requires the use of large resistors in parallel with each switch in the chain 
(which in turn increases the power loss). 

Dynamic balancing is a more difficult issue, because in its absence, the switch that 
turns off first (or turns on last) would have to sustain all the voltage. The problem is 
normally reduced by the use of snubbers; these, besides involving extra cost, slow down the 
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switching process and reduce efficiency. Instead, the emergence of multi-level topologies 
and the use of asynchronous firing control within the chain can provide more cost-effective 
solutions. 


2.5 Other Switching Issues 
2.5.1 Switching Frequency 


The maximum permitted switching frequency is mainly device dependent and the optimum 
frequency, in each case, is determined by the configuration, requirements of the load and 
thermal consequences. For hard-switched converters the switching frequency is often limited 
to below 1 KHz, whereas for topologies requiring snubbers it can be as high as 2 kHz. 


2.5.2 Switching Losses 


When considering static power conversion as an alternative for a particular application, the 
overall energy loss over the life of the plant must be present valued and taken into account 
in the economic comparison. 

The main energy losses are caused by the switching devices, both during full conduction 
and under switching conditions. Apart from the energy cost, the resulting heat has to be 
removed from the wafer through the package into the cooling medium (normally air, gas or 
ionised water) at considerable extra cost. 

On-state losses during full conduction are caused by the device forward voltage drop and 
the load current. Regarding switching losses, at turn-on the forward current rises before the 
voltage drops. Similarly, at turn-off, the forward voltage rises before the current falls. Thus 
in both cases the simultaneous presence of voltage and current represents a power loss. With 
high-frequency switching, as required when using PWM, the related switching losses are 
often higher than the on-state losses. 

Also, adding to the total energy loss are the losses of the auxiliary components, such as 
gate driving and snubber circuitry, and the cost of the driver circuit and power supply can 
be higher than the device itself. 


2.5.3 Soft Switching 


Soft switching, a design concept used to ensure zero-voltage switching (ZVS) or zero-current 
switching (ZCS), is often used in static power conversion to enhance performance and reduce 
the energy losses. It is a difficult subject due to the bidirectional flow of power, modulation 
with multi-frequency involved and a wide range of load conditions. A good survey of the 
techniques available and related references can be found in [6]. 

For a given switching frequency, the device junction temperature rise is reduced signifi- 
cantly for the soft-switched case due to the lower semiconductor switching losses. 

Many soft switching topologies have been proposed in the past 20 years for low/medium 
voltage. All these proposals require the use of extra inductors, capacitors, diodes and self- 
commutated switches. Generally, their aim is to create a resonance to provide the zero 
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switching condition, and thus reduce di/dt in the device that is turning on and dv/dt across 
the device that is turning off. 

Based on the location of the soft switching components, there are three main alternatives, 
as the component ratings and costs depend on whether or not they form part of the main 
power flow. These are: 


1. Load resonant converter: An LC resonance tank is added to the AC side output power 
path in series, parallel or series/parallel combination to derive the ZVS or ZCS condition. 


2. Resonant DC link converter: A resonant network is connected between the DC source 
and the converter bridge, and it is active for every switching action in the converter 
bridge to create the ZVS or ZCS condition. 


3. Transition resonant pole converter: The resonant networks added to the converter are 
active in order to create the ZVS or ZCS condition only when the switching state of 
each main bridge switch is changing. 


Solutions | and 2 are not appropriate for large static power converters because the soft 
switching components are connected in the main power transfer path. Although several 
solutions have been proposed for multi-level voltage source converters based on solution 3, 
they are complicated and costly. 

Ideally, the soft switching should be synchronised by the converter firing control and 
should be of controllable duration so that the ZVS or ZCS conditions are established before 
the switching commences and terminate after the switching dynamics finish. 


2.5.4 Use of Snubbers 


Snubbers are used to protect the semiconductors from the voltage and current transient 
stresses that occur during the turn-on and turn-off switching events. They limit the voltage 
and current magnitudes as well as their rates of rise. The reduction of dv/dt and di/dt also 
lowers the electromagnetic interference (EMI) levels. 

Snubbers shift the switching losses from the silicon to a low-cost passive component 
where it can be dissipated further away from the main switching device or recovered back 
into the supply or load. The reduction in losses in turn results in lower junction temperatures 
and lower junction temperature rise. Thus, for a given rating snubbers permit the use of 
higher switching frequencies. 

There are three different types of snubber: 


1. RC-type unpolarised snubbers, which protect diodes and thyristors from the voltages 
created during reverse recovery current in the presence of series inductance. 


2. RC-type polarised snubbers, used with all types of switches, to provide a low voltage 
and control dv/dt across the switch while the current turns off. 
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3. RL polarised snubbers that reduce the voltage across a switching device as the current 
builds up during turn-on transients; they also limit the overcurrents due to diode reverse 
recovery. 


2.6 Thyristor-Type Power Switches 
2.6.1 The Thyristor 


The thyristor, also referred to as the SCR, has existed since the mid-1950s. It is the equivalent 
of a binary current valve with two discrete states either conducting or blocking the current. 

The thyristor consists of two transistor structures connected together such that the collector 
of a pnp transistor forms the base of the npn transistor, as shown in Figure 2.9. It is a 
four-layer, three-terminal device and its function is determined by the regenerative action of 
the two component transistor structures. Generally the n and p emitters are highly doped, 
while the n- and p-base zones have low impurity concentrations. When the cathode (the 
n emitter) is positive and the anode (the p emitter) negative the two emitter junctions are 
reversed biased and no injection of carriers occurs. In this case there is only a very small 
reverse current at the reverse blocking junction provided that the voltage remains below the 
avalanche and punch-through limits. The blocking state region is shown on the left-hand 
side of the /-V characteristic of Figure 2.10. 

With the device forward biased (the anode positive) and in the absence of a gate signal, 
the outer pn junctions are forward biased, while at the central pn junction a space-charge 
region builds up that only permits a small current to flow across this junction. This is the 
off-state condition. 

To turn the device on requires the injection of a positive current into the gate (the p base) 
which increases the total current flowing out of the cathode. This current must be sufficiently 
large (greater than the holding current) for the emitters to inject sufficient numbers of 
carriers to keep the thyristor in conduction. 

Even with zero gate current, triggering can occur under a large forward voltage (the 
breakover voltage), which causes a conducting state with an almost exponential on-state 
characteristic. 
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Figure 2.9 Two-transistor model and symbol of the thyristor 
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Figure 2.10  Thyristor current/voltage characteristics 


Another unwanted triggering condition can occur due to high dv/dt. A sudden increase 
in forward voltage extends the space-charge region. Free carriers are then forced out of the 
expanding space-charge region and these create a current which, for sufficiently high dv/dt, 
will exceed the holding current of the device taking it into conduction. 

The turn-on conditions described above relate to the electrically triggered thyristor (or 
ETT). Alternatively a light pulse can be sent to the forward blocking junction that generates 
sufficient carriers to turn the device on without requiring auxiliary energy. This results in 
the light-triggered thyristor (or LTT). An uncontrolled rise in temperature can also increase 
the total current to the point of turning the thyristor on. 

In the on-state condition the device exhibits an almost exponential dependence of the 
forward current on the forward voltage, similarly to the case of a pn junction. 

Turn-off in the thyristor can only be achieved by reducing the current below the holding 
level for a certain minimum time. This condition is achieved either by a zero-current crossing 
of the external current (natural commutation) or by forced commutation. 

The blocking capability of the thyristor is limited by the avalanche and punch-through 
effects. For high blocking voltage the resistivity and device thickness must be increased. The 
extra thickness, however, increases the voltage drop across the n-base region, which in turn 
results in higher loss and temperature. The minimum (blocking) recovery time, often given 
by the manufacturers as a single value, will depend on the current level used, the cooling 
system (which affects the junction temperature) and di/dt during switch-off. It is, therefore 
a difficult parameter to assess when considering the benefits of the ZCS condition achieved 
by the multi-level reinjection converters discussed in Chapter 7. 

The thyristor can be designed as a symmetrical device (with both forward and reverse 
direction blocking capability) or as an asymmetrical device (with blocking capability in the 
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forward direction only). The latter is a combination of a thyristor and a reverse diode in 
parallel on the same wafer. It is, therefore, controllable in the thyristor forward direction 
and always conducts in the reverse direction. 


Dynamic characteristics 


Thyristor turn-on is achieved by the injection of a positive current into the gate. This 
increases the overall current (/;) and makes the voltage (V) drop, as shown in Figure 2.11. 
The injection starts along the gate edges and then spreads across the device face. To speed 
up the switching process the large devices are interdigitated, as shown in Figure 2.12 (where 
the white areas indicate metal and the dark areas silicon), and the device often includes 
several amplifier gate stages. 

Initially all the current concentrates in a small area around the gate, causing high power 
densities; therefore, the di/dt rise needs to be limited by external inductance to avoid 
destruction. To reduce turn-on losses, the transition to the conducting state can be accelerated 
by using high and steep triggering pulses. 

In the conducting state the base layers are flooded with carriers injected from the emitters 
and these carriers need to be removed before forward or reverse voltage blocking can be 
achieved. As this process is mostly effected by recombination, the carrier lifetime is of 
primary importance. A snubber circuit is normally used to protect the device from the 
excessive reverse voltage transients caused by the external inductance. The snubber also 
limits the anode di/dt effect, reduces the off-state and reapplied anode dv/dt, as well as the 
switching losses. The thyristor turn-off behaviour is illustrated in Figure 2.13(a). 


Figure 2.11 Thyristor on-state current and voltage during turn-on (¢,, is the delay time, t,, the rise 
time, f, the turn-on time and p(t) the turn-on loss) (Reproduced by permission of CIGRE.) 
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Figure 2.12 Interdigitated gate geometry of a high-power thyristor (Reproduced by permission of 
CIGRE.) 


A critical turn-off parameter is the turn-off time f,, i.e. the period between the current zero 
crossing and the point when the thyristor can take up forward voltage, because the application 
of forward voltage during this period would turn on the thyristor again. Figure 2.13(b) shows 
that the highest power loss occurs during the decrease of the reverse current. A compromise 
must be made between the requirements of the static and dynamic characteristics: to achieve 
low static losses the carrier lifetime should be large, while for fast switching and low dynamic 
losses the carrier lifetime needs to be small. 

A number of advanced thyristors, developed to permit turn-off control, are considered 
in the following sections. The main types are the GTO, the IGCT, the MTO, the MOS 
controlled thyristor (MCT) and the field controlled thyristor (FCT). The last, sometimes 
referred to as the static induction thyristor (SITh), has so far been an unsuccessful competitor 
in high-voltage and high-power applications because of the low turn-off gain and special 
manufacturing difficulties. 


Series operation 


When the switching devices are to be operated in series, each unit must share equally the 
total forward and reverse voltage, both during steady-state operation and under transient 
conditions. 

The build-up of anode current of the individual thyristor units during turn-on can be 
purposely delayed (by circuit elements) to ensure that all the series units have turned on. 
This is necessary to prevent a voltage spike from appearing on the unit with the longest 
turn-on time. 

The structure of the series thyristor chains used in HVDC conversion is described in detail 
in Chapter 8. 

In some medium-voltage applications, only one of the units in series needs to be turned 
on by the external signal, the remaining units being slave fired or triggered by the decaying 
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Figure 2.13 Thyristor turn-off: (a) voltage and current versus time; (b) power loss 
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anode to cathode voltage of the externally triggered unit. However, in general, each unit in 
a series string requires an isolated gate to cathode turn-on signal to ensure a reliable turn-on 
with minimal transients. 


Parallel operation 


When the SICs are connected in parallel they must share equally the total anode current. 
As the forward voltage drop of the SCR is almost independent of the load current, wide 
variations in the division of the current are possible. Thus, even when matched cells are 
used, their current rating must be reduced depending on the number of parallel cells. Also, 
to keep the junction temperature of each cell approximately equal, all parallel cells should 
be mounted on a common heat sink. 

The gate to cathode signal should remain in all the cells until the anode current has 
reached the holding current. Even after one of the parallel cells has decreased the anode to 
cathode voltage of the other parallel cells to a few volts, the gate signal must be maintained 
to ensure that the remaining units turn on. Current balancing reactors (Figure 2.14) are 
usually connected in the anode circuit to equalise the ampere-turns of the parallel circuits. 
Finally, the conductor layout must be arranged to equalise the inductance and resistance of 
the individual devices placed in parallel. 


2.6.2 Gate Turn-Off Thyristor (GTO) 


Gate-controlled thyristor turn-off, introduced in the late 1970s, made it possible to design 
self-commutating converters of larger power ratings. Like the conventional thyristor, the 
GTO, shown in Figure 2.15 [4], is a three-terminal device. 

The GTO switching, however, requires more complex gating and snubber circuits. Unlike 
the conventional device, the GTO allows the extraction of holes from the p-base by means of 
a high negative current on the gate, which stops the n* emitter injection and turns the device 
off. However, since in the thyristor the lateral dimensions are bigger than its thickness, a 
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Figure 2.14 Current balancing reactors 


THYRISTOR-TYPE POWER SWITCHES 37 


cathode 


n gate 


P 


anode 


(a) 


anode 


gate 


[9] 
cathode 


(b) (c) 


Figure 2.15 GTO structure, circuit diagram and symbol 


high lateral voltage drop under the n* emitter would occur and a large part of it would 
continue injecting electrons. Therefore the GTO n* emitter is configured as an array of 
many single and narrow stripes, as shown in Figure 2.16, and to reduce the voltage drop 
in the gate, the p-base layer (which constitutes the gate) is metallised outside of the n 
emitters. 

The GTO is manufactured as a whole wafer or as a die and is available in module, plastic 
and capsule packages. In the on-state the GTO behaves exactly as a thyristor, and, therefore, 
turn-on requires the application of a positive triggering current to the gate; di/dt is less 
critical, though, because all the emitter area is turned on quickly due to its multi-cell structure. 
As the n emitters are not shorted, a negative gate voltage must be applied continually during 
the off-state to improve the blocking behaviour at high temperatures. Shorts are introduced 
in the p emitter to improve the turn-off capability. Also the carrier lifetime is kept low to 
provide higher forward voltage drop and holding current. To counteract this effect, current 
needs to be fed continuously into the gate during the on-state. 

Due to the cellular structure of the n emitters constituting the cathode, as well as its 
thyristor-like characteristics, the GTO is prone to current filamentation during turn-off. This 
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Cathode segment 


Figure 2.16 GTO emitter layout (Reproduced by permission of CIGRE.) 


effect is due to its exponential (thyristor-type) forward current characteristic and to a negative 
temperature characteristic of the on-state resistance (caused by the temperature dependence 
of the carrier concentration). Therefore the turn-off losses, which occur in a small volume 
(that of the last few emitters turning off), are high (about 10 to 20% greater than an 
equivalent rated conventional thyristor); thus GTOs require special snubber arrangements, 
as shown in Figure 2.17. 

The resistor R, limits the capacitor discharge current during turn-on and the Rs, C; 
combination determines the minimum time required by the GTO to turn off again. For 
instance, for the case of a GTO with a peak voltage rating of 4.5kV and a peak turn-off 
current of 4kA [7], to turn the GTO safely the snubber capacitor C, must be at least 6 mF 
to be able to dissipate the energy stored in the capacitor after the switching. Also the energy 
stored in the di/dt limiting inductor L, at turn-off is dissipated via the discharge resistor 
and diode. 

Figure 2.18 displays the current/voltage characteristics during turn-on and turn-off, where: 


e t+, is the storage time in which the carriers are removed from under the cathode emitters, 
while the load current is maintained by its inductance. 


e ty is the fall time in which the current reduces very quickly. 


© i,q is the tail current; in this region the remaining carriers are removed via recombination 
across the anode emitter shorts. 


e V sp is a forward voltage spike caused by stray inductance in the snubber circuit (a 
possible source of destruction that must be avoided). 


Also the turn-on delay of the free-wheeling diode Dp, together with the stray inductances of 
the diode and circuit, cause an overvoltage Vp, that must not exceed the maximum rating. 
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Figure 2.17 Snubber circuit in a GTO chain 


The GTO can be designed for symmetrical or asymmetrical operation. A symmet- 
rical GTO (with forward and backward blocking voltage capability) is needed when 
the DC voltage can reverse its polarity, as in the case of current source conversion. 
The asymmetrical GTO is used in voltage source conversion and permits larger power 
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Figure 2.18 Effect of snubber on switching behaviour (for the circuit of Figure 2.17) (Reproduced 
by permission of CIGRE.) 


ratings. In this case the reverse voltage blocking capability is eliminated on purpose 
by means of internal anode to cathode shorts; these decrease the forward voltage drop 
and improve the switching characteristics (two important factors influencing the converter 
losses). 

The GTO is turned off by gate current and the turn-off gain is between 3 and 5. Series 
connection of devices is possible by matching the turn-off storage time of the devices. 
Presently a6kV, 6kA GTO is commercially available, with a maximum operating frequency 
of 500 Hz. 
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2.6.3 Insulated Gate-Commutated Thyristor (IGCT) 


The need to simplify the GTO snubber circuit requirements and improve its switching 
performance has led to the development of the IGCT. It is a hard-driven GTO, in which 
during turn-off the full main current is commutated to the gate. However, the pulse is of a 
short duration and the energy dissipated in the gate drive is very small. As a result, there is 
no current concentration during turn-off, a problem of the conventional GTO commutation. 
Consequently, turn-off capability is greatly improved and snubberless turn-off is possible. 
The turn-off storage time is decreased to about one-tenth when compared with that of a 
GTO and its operating frequency can be increased. The small storage time also simplifies 
the series connection of IGCTs. The gain is only 1, but the gate charge is only half that 
of the GTO and the gate power is substantially decreased. An integrated annular gate unit 
on a printed circuit board achieves a very fast gate drive, enabling a current rise as high 
as 4kA/ps with a gate cathode voltage of about 20 V. Thus the di/dt withstand can be 
increased by two to three times that of the GTO and, therefore, the anode reactor size can 
be reduced considerably. 

The symbol and device structure, as shown in Figure 2.19, normally include a reverse diode. 
In common with other GTO devices, the design minimises the inductance of the gate drive and 
cathode loop, an important parameter to achieve the required fast rising gate current. Thus high 
dv/ dt is achieved, as well as a greatly increased current turn-off capability. 

The storage time, which for the conventional GTO is of the order of 15-20 us, is reduced 
to about 1 ps. 

During conduction the minimum current needed to switch on the IGCT at low di/dt is 
typically under 2A (significantly lower than for a conventional GTO). 

Any adjustment of the speeds at which anode current and voltage vary during switching, 
ie. di/dt and dv/dt, must be either achieved by external components or included in the 
design of the device. In the IGCT the turn-off dv/dt capability is easily achieved through 
anode design, but the turn-on di/dt capability is more difficult to achieve. 

Figure 2.20 [7] shows a typical IGCT inverter with a di/dt limiting circuit inserted 
between the quasi-zero impedance supply (DC link) and the inverter. An inductor L limits 
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Figure 2.19 IGCT structure including a GCT and a reversed diode 
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Figure 2.20 A typical IGCT inverter 


the rate of rise of current in the inverter when one of the IGCTs is turned on. The limitation 
of current rise is determined by the allowable rate of fall of current in the associated diode, 
which in most cases is integrated onto the same wafer. The energy stored in the inductor L, 
once the diode is commutated, is dissipated in a resistance R and a clamp capacitor (C,;,,,,) 
can be used to minimise the voltage overshoot. In the event of failure of two devices in one 
phase, the inductance limits the resulting current to a value Lann = VpcA/C/L, where C is 
the capacitance of the DC link. 

Electrolytic capacitors and MOSFET switches are used by the gate drivers to provide 
the required peak gate current at turn-off. As these components reduce the reliability and 
increase the size of the device, a practical gate driver limits the switching frequency of the 
IGCT to about 500 Hz. 

Like the GTO, the IGCT has high current and voltage ratings; devices with 6 KV/6 kA and 
6.5 kV capabilities are already commercially available. As compared with other devices, the 
IGCT has low on-state voltage and low total power losses (about one-half of those of the 
conventional GTO) as shown in Figure 2.21 [8]. Although the IGCT has overcome many 
of the problems of the conventional GTO, the gate driver is still complex and a large linear 
di/dt limiting inductor is needed for the anti-parallel diode. 

Due to its very short storage time (of about 1ps), which permits small tolerances 
(under 0.2 us) in turn-off times of the different devices, the IGCT provides very good 
voltage sharing and is perfectly suited for the series connection, as required in high-voltage 
applications. 


2.6.4 MOS Turn-Off Thyrister (MTO) 


The main aim in the development of the MTO, as compared with the previous thyristor 
devices, was to achieve a switch with similar power handling but faster turn-off capability, 
lower turn-off switching losses and a simpler gate drive. The structure of the device is shown 
in Figure 2.22 [5]. The small turn-off gate drive required by the MTO reduces the cost and 
improves the reliability of the device, as compared with the conventional GTO and IGCT. 
The storage time is comparable with that of the IGCT (1-2 us), which makes it suitable for 
series operation. Moreover, the MTO structure permits double-sided cooling. 

The MTO gate drive requirement for turn-on is similar to that of the GTO. A peak current 
of 30-60 A is applied from gate to cathode for 5—10 us; a few microseconds are needed 
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Figure 2.21 Comparison of system loss for a converter using GTO or IGCT (GCT) 


before the anode — cathode current begins to rise and the voltage starts to fall. Following 
full turn-on, some gate current (about 0.5 %) must be maintained to ensure that the gate does 


not unlatch. 
Turn-off requires the application of about 15 V on a second gate terminal which is held 


continuously during the off-state period. 

In the double-gated MTO the MOSFETs are bonded in order to provide high-impedance 
turn-off gates on both the anode and the cathode sides. This permits the device to operate at 
much higher frequencies than other power devices (up to 10 kHz). 
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Figure 2.22 MTO structure, circuit and symbol 


2.6.5 MOS Controlled Thyrister (MCT) 


Again, the purpose of the MCT is to obtain faster turn-off capability and lower turn-off 
switching losses. The distinguishing feature of the MCT is the incorporation of MOSFETs 
into a cellular thyristor. Most of these are used to switch emitter shorts to block the forward 
voltage. These MOSFETs must, therefore, be switched off when the MCT is to be turned 
on. At the same time a smaller number of MOSFETs of opposite type are switched on. 

There are two types of MCT, i.e. the p-MCT, which has a p-type lightly doped layer to 
take up the off-stage voltage, and the n-type MCT, with an n-type layer as in the conventional 
thyristor. These are shown in Figure 2.23. 

In the case of the n-type MCT, an n-type MOSFET is connected across the cathode of 
the npn transistor. When this MOSFET is turned on by the application of a positive gate to 
cathode voltage, a current flows from anode to base in the lower npn transistor; as a result the 
latter turns on and produces the latched turn-on of the MCT. Similarly, a p-type MOSFET 
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Figure 2.23 MCT structures 


connected across the gate-cathode of the cathode side npn transistor is activated to turn the 
device off; in this case a gate voltage must be applied to the base of the p-MOSFET to turn 
it off. 

The MCT structure uses many single emitter cells which can be turned on very fast. 
Turn-off, on the other hand, is less straightforward and requires imposing limits for the 
maximum controllable current. This is due to the relatively low efficiency of the MOSFET 
shorts; a voltage limit is also imposed due to the device tendency to filamentation. Both 
these limits lead to amplification of the inevitable lack of current homogeneity effect, which 
restricts the device application to high powers. The MCT is switched either against high 
voltage, with the result of a reduction in the controllable current, or at high current, with the 
voltage level well below that of a comparable thyristor or GTO. 

Thus, further development of the MCT is needed before its ideal characteristics, i.e. fast 
switching with low on-state and switching losses, can be exploited in high-power static 
conversion. 


2.6.6 Emitter Turn-Off Thyristor (ETO) 


The ETO, a promising new device for high-power applications, is reported to combine 
the high-voltage and high-current capability of the traditional thyristor and the easier gate 
controllability of the IGBT. The present voltage and current ratings are claimed to be 4500 V 
and 4000 A respectively. As compared with present competing technologies, the ETO offers 
improved performance in current conduction and turn-off speed, as well as snubberless 
turn-off current capability. These are shown in Figures 2.24 and 2.25. The switching speed 
capability is of the order of 1 kHz and the total losses for switching frequencies of 500 and 
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Figure 2.24 ETO turn-on characteristics (Reproduced by permission of CIGRE) 
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Figure 2.25 ETO snubberless turn-off characteristics (Reproduced by permission of CIGRE) 


1000 Hz are similar to those of the IGCT. A modular voltage source converter has been 
developed to demonstrate these benefits [9]. 

Due to very high silicon utilisation and use of conventional thyristor technology the ETO 
is a very cost-effective device. Further development in the device is expected to include 
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the following capabilities: (i) built-in voltage sensing; (ii) current sensing; (iii) temperature 
sensing; (iv) control power self-generation: (v) high-voltage current saturation. 


2.7 Insulated Gate Bipolar Transistor (IGBT) 


A development from MOSFET technology for high power ratings, the IGBT is designed with 
high switching speed and low conduction loss. Its feasibility for high-voltage application was 
realised in the 1990s, and had already reached 6.5 kV by 2002. Although the IGBT behaves 
as a bipolar transistor, it has a double transistor structure, like the thyristor. The IGBT 
combines a high-impedance and low-power gate input with the power handling capacity of 
the bipolar transistors and thyristors. 

As shown in the cross-section of Figure 2.26, the IGBT is achieved by adding a p* layer; 
this layer is referred to as the collector of the IGBT but acts as a p emitter of a pnp bipolar 
transistor to the MOSFET drain. The bipolar transistor is driven by the electron current from 
the MOSFET portion, which provides the base current, and holes are injected from the p* 
emitter. 

A condition referred to as latch-up can occur at high voltage, when substantial injec- 
tion of electrons from the source will occur, turning on the two transistor compo- 
nents (npn and pnp). Then the thyristor composed of these transistors will latch on and 
the IGBT will latch up. For each IGBT geometry there is a critical value of drain 
current that will activate this condition. Once latch-up occurs, the gate has no control 
of the drain current and the IGBT turn-off will have to be forced as in a conven- 
tional thyristor. However, unlike in the conventional thyristor, this will have to be done 
quickly to avoid device destruction by excessive power dissipation. The risk of latch-up 
can be reduced by controlling the doping profiles to ensure that the npn transistor does 
not turn on. 

Control is accomplished by using a pattern of MOS transistors distributed on the surface 
of the device. As a MOS gated device, the IGBT only needs a small amount of power to 
be supplied (via a voltage source) to the control gate for full turn-on and turn-off control 
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Figure 2.26 IGBT cell structure and symbol 
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(typically 10 to 15 V). Although the drive circuit still needs enough power to charge and 
discharge the gate capacitance, the circuitry required for this purpose is small compared with 
that of other power devices. 

The IGBT is turned on by applying a positive base voltage. When the gate is made positive 
with respect to the emitter, n carriers are drawn into the p channel near the gate region, 
which forward biases the base of the npn transistor and thus causes the turn-on. Being a 
cellular device, the IGBT avoids the problem of slow current spreading that occurs in the 
conventional thyristor. 

The peak current in the on-state is limited by the overall transistor gain, i.e. for a given 
base current the collector current is largely independent of the collector-emitter voltage. 
This is the case even under short-circuit conditions, provided that the IGBT is switched off 
within about 10s after the occurrence of a fault. 

When the gate voltage is removed, the MOSFET is turned off and the base drive current 
cut off. A space-charge region builds up quickly at the emitter pn junction; therefore, the 
IGBT can pick up voltage immediately and its turn-off delay is much shorter than the storage 
time in bipolar transistors. 

An attractive feature of the IGBT is the ability to exercise linear control through the gate, 
ie. di/dt and dv/dt can be controlled during the commutations. So, unlike the GTO, a 
di/dt limiting reactor is not required in the IGBT case. 

During switching the IGBT must be capable of turning off the peak current, including 
ripple. Moreover, some additional current rating is needed for current control regulation and 
protection during transient conditions; in particular, the valve should be able to turn off the 
current following short circuits. The IGBT has a square turn-off (or true reverse-biased) safe 
operating area and, therefore, snubbers are not normally required for inductive switching. 

The ability to withstand high voltages and currents is provided by the vertical transistor 
component, which therefore needs to be of sufficient thickness to withstand high voltages. 
This vertical transistor is the major determining factor in the conductivity of the semicon- 
ductor material and therefore the voltage drop over the device in the conducting state. 

Recently a new type of IGBT, referred to as the IEGT, has become available that takes 
advantage of the effect of electron injection from the emitter to achieve a low saturation 
voltage similar to that of a GTO. Therefore this device achieves a low forward voltage drop 
during conduction (like the thyristor). The maximum present ratings of the IEGT are 4.5 kV 
and 2.1 kA. 

Figure 2.27 shows the semiconductor components of an IGBT inverter bridge, which 
for large power ratings may consist of several modules, each comprising an IGBT and 
anti-parallel free-wheeling diode (FWD). These two components are integrated in the same 
semiconductor package to provide current capability in the reverse direction and to prevent 
the application of reverse voltage. Both the IGBT and the diode will normally consist of a 
number of chips in parallel to obtain the rated current capability. Moreover, the IGBT and the 
diode must have the same voltage capability. In this arrangement, no ancillary components 
are needed, the di/dt controlling function being implemented by gate control, whereby the 
turn-on of the IGBT is slowed to match the allowable turn-off speed of the diode. The 
absence of the inductance between the inverter and the DC link results in extremely high 
fault currents in the event of simultaneous failure of two devices in the same phase. Thus 
the applicability of the topology shown in Figure 2.27 is limited to low voltages (of about 
I.5 kV). At higher voltages decoupling of link and inverter via inductance or resistance is 
required to limit the collateral explosion damage due to the electromagnetic force caused by 
the fault current. 
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Figure 2.27 Typical IGBT inverter 


2.7.1 IGBT (Series) Chains 


As an MOS device with a high-impedance gate, the IGBT requires low energy to switch 
the device and maintain power flow. This facilitates the series connection by providing 
good voltage distribution even at high switching frequencies (in kilohertz). Moreover, the 
gate power for the series-connected semiconductors can be provided (as in the conventional 
HVDC valves) via the voltage dividing circuits across the individual IGBTs. 

In high-voltage applications, many IGBTs are connected in series and redundant devices 
are included. Valves with up to 200 series-connected IGBTs have already been used in 
HVDC installations. By appropriate servicing at regular intervals only a short circuit caused 
by a direct lightning strike would cause simultaneous failure of all redundant devices of 
a phase leg, and, therefore, the link inductance can be omitted. A faulty IGBT cannot be 
allowed to create an open circuit, since the valve must continue operating. Instead, the faulty 
device must be capable of conducting current until the next scheduled maintenance period. 
However, standard IGBT modules do not have the required short-circuit capability, as they 
use bond wires that open the circuit upon failure. Therefore specially developed press pack 
designs need to be used for DC transmission valves [10-12]. 

In the series stacks, the parallel-connected IGBT and diode chips are pressure contacted, 
with each contact designed to take full load current should a chip fail. 


Static and dynamic voltage sharing 


Unbalanced voltage sharing, particularly during switching transitions, leads to higher switching 
losses. Adequate static voltage sharing of series IGBTs is achieved by employing a 
parallel-connected resistor per IGBT module. The resistor function is to provide a leakage 
current which is dominant over the IGBT’s, thus forcing sharing to occur by potential divider 
action. 
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All IGBTs experience a change in the turn-on delay time with temperature, which varies 
from device to device. The turn-on time variation is also affected by rise time, i.e. the slower 
turning-on devices will have a greater share of the total arm voltage. IGBTs also experience 
turn-off variation times, depending on temperature and commutated current levels, which 
vary from device to device. 

In the IGBT series chain, small differences in the region of 10 nanoseconds are critical 
to voltage sharing and, thus, active voltage control of the gate driver circuit is often used 
to ensure voltage balancing, both statically and during switchings. However, in addition to 
active voltage control, a small RC snubber for damping oscillations is normally employed, 
as shown in Figure 2.28. The use of a snubber capacitor helps to achieve dynamic voltage 
sharing (due to spread in turn-off delays) while a di/dt inductor helps the IGBTs to share 
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Figure 2.28 Circuit diagram of an IGBT chain phase module 
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voltage (due to spread in turn-on delays) and diode voltage sharing under reverse recovery 
conditions. A di/dt limiting inductor reduces the turn-on losses substantially. 


2.8 Diodes 


Diodes are extensively used as part of the static conversion process, in most cases in an 
auxiliary capacity. Their main application is across the turn-off devices in voltage source 
conversion; they are also used as clamping devices in multi-level conversion and in snubber 
and gate drive circuits. 

As indicated earlier, the diode plays an important part in the topology chosen, by deter- 
mining the allowable turn-on di/dt of a voltage source inverter and, hence, constituting 
the principal part of the turn-on losses, which will be dissipated in the silicon or in the 
circuit resistance. Its effect is illustrated in Figure 2.29, which shows the general turn-on 
characteristics for the switches of the IGCT and IGBT inverters of Figures 2.20 and 2.27. 
To be effective as part of a static converter circuit, the diode’s turn-off, i.e. the current 
following commutation, must decrease smoothly to avoid overvoltages in the inductive 
circuit. Also the turn-on voltage should be low, to ensure a fast flooding of the depletion 
zone with carriers, so that the diode begins conduction before the voltage builds up too 
much. 

Finally, the static and dynamic losses should be low. In each application, a compromise 
needs to be made between these contradictory requirements. A low-voltage turn-on requires 
a high carrier lifetime and a thin, lightly doped centre region. A high carrier lifetime provides 
soft recovery, because the reverse current does not break down sharply; this, however, 
produces high switching losses as these increase with the carrier lifetime. Conversely, the 
on-state losses reduce with increased carrier lifetimes. Thus the trade-off depends on the 
particular application; for instance, when high switching frequencies are used, it is advisable 
to reduce the switching losses at the expense of the on-state losses. 

An ideal device for fast switching applications is the Schottky diode, obtained by 
depositing a metal film onto a lightly doped semiconductor. In this device the turn-on and 
turn-off are much faster, due to the lack of minority carriers. As the forward voltage drop of 
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Figure 2.29 Turn-on characteristics for the inverters of Figures 2.20 and 2.25 
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Figure 2.30 Cross-section of a Schottky diode 


a Schottky contact is very low (typically 0.3 V), the forward losses are substantially reduced 
as compared with those of the pn diode. A cross-section of the Schottky diode is shown in 
Figure 2.30, which illustrates (dashed line) the use of guards rings to improve the breakdown 
voltage capability of the device. However, at present the blocking voltages are still too low 
(e.g. under 200 V for the silicon Schottky diode). 

Usually, as the current falls to zero following conduction, the voltage across the diode 
jumps to a negative value; this causes a temporary flow of reverse current to remove the 
excess of internal charge and restore the depletion layer, as required by the applied reverse 
voltage. The reverse current flow in the diode increases the current that the turn-off devices 
have to turn on in voltage source converters and this results in increased turn-on losses. 
The eventual development of silicon carbide diodes (with 100 times lower switching losses) 
should overcome the turn-on loss limitations of choke-less topologies and make this device 
a practical proposition for IGBT applications. 

For HVDC application, power diodes must be adequately sized to support the maximum 
current following short circuits and withstand the related stresses because, unlike the IGBTs, 
they cannot be switched off. In the case of a DC side short circuit there is a path through the 
diodes and the current is only limited by the short-circuit impedance of the AC network and 
the reactance of the converter (normally the leakage reactance of the converter transformer). 
The diodes will also experience a surge inrush current during energisation through the AC 
breaker; in this case an overvoltage will occur on the DC bus, which has to be limited by 
external components, such as pre-insertion breaker resistors. 
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Power diodes are currently produced commercially for typical voltage and currents of 
6kV and 6kA. 


2.9 Prognostic Assessment 
2.9.1 Ratings and Applicability 


At present the power semiconductor devices available for high-power applications are based 
on silicon technology and they can be broadly classified in two groups. 

(1) One group includes devices with four-layer, three-junction monolithic structures, the 
two early devices in this category being the SCR and GTO. The devices in this group have 
low conduction losses and high surge and current carrying capabilities; they operate only as 
on/off switches. 

Recent developments in this group are the MCT, ETO, MTO and GCT or IGCT. These 
recent devices were developed to provide fast turn-off capability and low turn-off switching 
losses. 

The IGCT has the lowest total loss (including both device and peripheral circuits) of all 
present power semiconductors. On the other hand, the SCR remains by far the most cost- 
efficient device for very high-power application. The SCR power ratings presently available 
are typically 12 kV/1.5 KA and 8.5 KV/5 kA. 

The majority of commercially available GTOs are of the asymmetrical type; they 
are reversed connected to a fast recovery diode, such that the GTO does not require 
reverse voltage capability. Asymmetrical GTOs have been used extensively in PWM 
two- and three-level VSCs, active filters and custom power supplies. However, current 
development is focusing on higher blocking voltages, hard switching (also called 
snubberless) ring gate (to reduce the size of the snubber and switching losses), 
anode buffer layer, thinner wafer, absence of emitter shorts and improved switching 
performance. 

The ratings are changing fast and therefore any comparisons made must indicate the date 
and source of the information. For instance, a 1999 published IEE review [5] of typical 
maximum ratings (Figure 2.31) shows that the GTO offered the best maximum blocking 
voltage and turn-off current ratings; these were 6kV and 4 KA, respectively, the switching 
frequency being typically under 1 KHz. More recently, however, the industry has concentrated 
on the IGCT developments, for which the maximum ratings quoted at the time of writing 
are 6 kV/6 kA. 

(2) The second group contains devices of three-layer, two-junction structure which operate 
in switching and linear modes; they have good turn-off capability. These are: the bipolar 
junction transistor (BJT), Darlington transistor, MOSFET, injection enhanced transistor 
(IEGT), carrier stored trench-gate bipolar transistor (CSTBT), static induction transistor 
(SIT), field controlled transistor (FCT) and IGBT. 

There is little manufacturing enthusiasm for developing further some of the devices in the 
second group, because of the perceived advantages of the IGBT; at present the voltage and 
peak turn-off currents of the silicon-based IGBTs are 6.5 kV and 2 kA. A new type of IGBT 
(referred to as IEGT) has become available that takes advantage of the effect of electron 
injection from the emitter to achieve a low saturation voltage similar to that of the GTO. 
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Figure 2.31 Voltage and current ratings of the main power semiconductors (Shakweh, Y. (1999), 
‘Power devices for medium voltage PWM converters’, Power Engineering Journal, December, repro- 
duced by permission of the IET.) 


The main candidates for high-power conversion (as required in HVDC applications) appear 
to be the IGCT and IGBT. Compared with the GTO and IGCT types, the IGBT requires 
much less gate power and has considerably superior switching speed capability, therefore 
permitting the use of higher switching frequencies (these can be typically 3 kHz for soft- 
switched devices compared with 500 Hz for the IGCT). While high switching frequencies 
have some disadvantages (like switching and possibly snubber losses), they help to reduce the 
harmonic content and therefore filtering arrangements, reduce machine losses and improve 
the converter dynamic performance. 

The IGBT is more reliable than the IGCT under short-circuit conditions. It is designed 
to sustain a current surge during conduction and also during turn-on. However, short-circuit 
faults need to be detected quickly so that turn-off is achieved within 10 ps. The IGCT on 
the other hand has no inherent current limiting capability and must be protected externally. 
The overall reliability of the IGCT for high-power and high-voltage application is very 
impressive, given the reduced voltage stress achieved by the series connection and its 
potential to eliminate the need for snubbers. 

HVDC converters require high blocking voltage switches, which can only be achieved 
by series connection of individual units. Both the IGBT and IGCT are suitable for series 
connection as the turn-on and turn-off times are relatively small and the switching speeds 
high. Reliable static and dynamic voltage sharing techniques are now available for thyristor 
and transistor types of switching devices. Parallel sharing resistors are perfectly adequate for 
static balancing. In the case of the IGBT good dynamic voltage sharing can also be achieved 
by means of adaptive gate control of the individual units. 
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The current ratings of present devices are sufficient large for high-voltage applications and the 
use of device paralleling is rarely required. The IGBT technology is suited, however, for parallel 
operation since the high-current IGBT modules themselves consist of many parallel chips. 

Heavy investment in IGBT technology is favouring this device at the expense of the 
GTO and IGCT alternatives. The availability of press pack IGBTs at high voltages and 
currents is strengthening their position in high-voltage applications, where series operation 
and redundancy of power switches are required. For high-voltage applications, however, there 
are still problems with the IGBT due to stray inductances and diode reverse recoveries and, 
thus, at this stage it is not clear to what extent the fast switching capability should be 
exploited, as the resulting voltage spikes may exceed the allowable limits. 

In the future, new wide-band-gap (WBG) semiconductor materials such as silicon carbide 
(SiC) and gallium nitride (GaN), instead of silicon, should increase the power handling capa- 
bility and switching speed. The best candidate at the moment seems to be SiC, a material that 
provides low on-state voltage, low recovery charge, fast turn-on and turn-off, high blocking 
voltage, higher junction temperature and high power density. In particular this material permits 
a substantial increase in the allowable peak junction temperature, thus improving the device 
surge capability and reducing the complexity of the cooling system. With the utilisation of SiC 
unipolar power switches it is possible to reduce the power losses by a factor of 10. A recent 
forecast of the future voltage ratings achievable with SiC switching devices (in relation to those 
of present silicon technology) is shown in Figure 2.32. 


2.9.2 Relative Losses 
The IGBT turn-off losses are lower than those of the SCR and IGCT and so are the turn-on 


losses in the case of soft-switched IGBTs. The forward voltage drop of the IGBT is, however, 
much higher than that of a thyristor of comparable voltage rating. 
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Figure 2.32 Silicon carbide (SiC) switches compared with silicon (Si) Switches (Reproduced by 
permission of CIGRE.) 
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In the assessment of the energy loss of a converter, the most important factor is the 
frequency used for the switching of the valves, which depends on the type of configuration 
and control. To illustrate this point a comparison between different alternative converters 
of the LCC and VSC types has produced the following figures for the power loss of the 
complete converter station [13]: 


e An IGBT-based two-level VSC with a PWM frequency of 1950 Hz has a power loss of 
approximately 3 %. 


e An IGBT-based three-level VSC with a PWM frequency of 1260 Hz has a power loss of 
approximately 1.8 %. 


e The loss figure for an SCR-based LCC station (including valves, filters and transformers) 
is 0.8 %. 
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Line-Commutated HVDC 
Conversion 


3.1 Introduction 


The use of thyristor control in VSC would need very large series impedance to accommodate 
rapid changes in the AC supply voltage. This solution, however, is uneconomical in terms of 
reactive power compensation requirements and therefore CSC is, instead, the only practical 
option for conventional LCC technology. 

LCC, although still the most widely used HVDC transmission alternative, has very limited 
flexibility due to the use of thyristor switching. The lack of turn-off controllability of the 
conventional thyristor results in poor power factors and considerable waveform distortion. 
Thus, while the LCC configuration is very simple, the external plant required for reactive 
power compensation and filtering is elaborate and expensive. 

The three-phase bridge converter is the basic configuration adopted for large-power appli- 
cations. Compared with other possible alternatives, such as the three-phase double star or 
the six-phase diametrical connections, the bridge configuration provides better utilisation of 
the converter transformer and a lower peak inverse voltage across the converter valves. In the 
bridge converter two valves are connected to each phase terminal, one with the anode and the 
other with the cathode connected to it. Although the conducting path of the bridge configura- 
tion uses two valves in series, this does not increase the power loss because, due to the high 
voltage involved, the valves of HVDC converters consists of many series-connected switches. 

While the main object of this chapter is the structure and operating characteristics of 
the three-phase AC-DC converter, special attention is given to the subject of converter/AC 
system harmonic interaction, a problem of particular importance in LCC. 


3.2 Three-Phase AC-DC Conversion [1] 


The main component of an AC-DC converter for HVDC application is the line-commutated 
three-phase (six-pulse) thyristor bridge, which, as explained in the previous section, is 
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designed to operate in CSC. This implies a current stiff DC side, achieved by the connection 
of a large series reactor. As the AC system has substantial inductance, the interface requires 
the provision of shunt capacitors at the converter AC side terminals; the installed capacitance 
is normally in the form of passive filters (which for all the frequencies below the tuned 
frequency will be capacitive), but often some extra capacitor banks have to be added to 
provide the required reactive power compensation. The bridge thyristors must block voltages 
of both polarities but only conduct current in one direction. 

The structure of the high-voltage large-power converter required for use in HVDC trans- 
mission is described in greater detail in Chapter 8. 


3.2.1 Basic CSC Operating Principles 


The operation of the three-phase bridge rectifier is first explained for the ideal case, where 
the bridge is connected to an infinitely strong AC side (i.e. of zero source impedance) and 
to a DC side with infinite smoothing reactance. Under these conditions, the transfer of DC 
(commutation) between valves on the same side of the bridge takes place instantaneously. 
The switching sequence and the rectified voltage waveform are illustrated in Figure 3.1 for 
the case of an uncontrolled bridge rectifier (i.e. on diode operation); valves 1, 3, 5 at the top 
and 4, 6, 2 at the bottom are connected to phases red, yellow and blue, respectively. 

With reference to Figures 3.1(a) and (g), at instant A phases R and Y are involved through 
conducting valves 1 and 6. This operating state continues up to point B, after which valve 2 
becomes forward biased, since its anode, directly connected to that of valve 6, is positive with 
respect to its cathode (connected to phase blue); therefore at point B the current commutates 
naturally from valve 6 to valve 2 (Figure 3.1(b)). 

A similar argument applies at point C, with reference to valves 1 and 3 on the upper half 
of the bridge. The anode of valve 3 (connected to Y phase) begins to be positive with respect 
to its cathode (connected to phase R through the conducting valve 1) and a commutation 
takes place from valve 1 to valve 3 (Figure 3.1(c)). This is followed by commutations from 
valve 2 to valve 4 at point D, valve 3 to valve 5 at point E, valve 4 to valve 6 at point F, 
and valve 5 to valve 1 at point G. This completes the switching cycle sequence. 

The DC output waveform in Figure 3.1(g) shows the voltage variation of the positive 
(common cathode) and negative (common anode) poles with respect to the transformer 
neutral. Figure 3.1(h) shows the DC output voltage, i.e. the voltage of the positive pole with 
respect to the negative pole. It is seen that the output voltage has a ripple varying at six 
times the main frequency. 

Each valve carries the full value of DC for one-third of the cycle, and there are always 
two valves conducting in series. 


3.2.2 Effect of Delaying the Firing Instant 


On the assumption that the converter terminal voltage is balanced and undistorted 
(i.e. perfectly filtered), by delaying the firing instants of the valves with respect to the voltage 
crossings, the commencement of the natural commutations described in Section 3.2.1 can be 
delayed by a definite time interval. The effect of this action on the direct voltage waveforms 
is illustrated in Figures 3.2(a) and (b). It is noticeable that the voltage area, and therefore 
the mean direct voltage, are reduced proportionally to the magnitude of the delay. 
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Figure 3.1 Bridge conducting sequence and DC voltage waveforms 
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Figure 3.2 Effect of firing delay on voltage waveforms: (a) common anode and common cathode 
voltages; (b) direct voltage 


In the presence of a large smoothing reactor on the DC side, the voltage waveform of 
Figure 3.2(b) will produce constant DC, the level of which depends on the mean voltages 
at both ends of the link and the link resistance. For the idealised commutating conditions 
described in Section 3.2.1, the valve current will be a rectangular pulse lasting 120°, its 
relative position with reference to the corresponding voltage waveform being determined by 
the firing delay angle (a). 

For delay angles above 60° some negative voltage periods begin to appear. If the bridge 
output were connected to a pure resistance, the bridge unidirectional current conduction 
property would prevent reverse current flow during these negative voltage periods, and 
the operation would then be intermittent. However, the provision of a large smoothing 
reactor maintains positive current flow during the negative periods, and energy is transferred 
from the reactor magnetic field to the AC system. The voltage waveforms for a delay of 
90°, illustrated in Figures 3.3(a) and (b), show equal positive and negative voltage regions 
(indicated by horizontal and vertical shaded areas, respectively); the mean direct voltage is 
therefore zero with a 90° delay. 

When the delay angle is larger than 90° the mean voltage is negative and the bridge 
operation can only be maintained in the presence of a DC power supply. This supply 
overcomes the negative voltage and forces the current to conduct in the same direction 
(i.e. from anode to cathode), in opposition to the induced emf in the converter transformer. 
This indicates that power is being supplied to the AC system, i.e. the converter is inverting. 
Figures 3.4(a) and (b) illustrate the (ideal) limiting case of full inversion, which would 
require a delay angle of 180°. 
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Figure 3.3 "Voltage waveforms with 90° firing delay: (a) common anode and common cathode 
voltages; (b) direct voltage 
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Figure 3.4 Voltage waveforms on full inversion: (a) common anode and common cathode voltages; 
(b) direct voltage 
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3.3 The Commutation Process 


The zero-impedance supply required to produce the voltage and current waveforms described 
in Section 3.2 never exist in practice. Even if the AC system impedance were negligible, 
there would always be some impedance between the converter and the AC system due to 
the converter transformer leakage reactance. Although in theory converter transformers are 
not essential to the static power conversion process, there are practical reasons for their 
presence; among them, the possibility of phase shifting multiple bridges and the availability 
of on-load tap-changing, which reduces the reactive power compensation requirements. The 
main effect of AC system reactance is to reduce the rate of change of current or, in other 
words, to lengthen the commutating time. 

During the commutation, the magnetic energy stored in the reactance of the previously 
conducting phase has to be transferred to the reactance of the incoming phase. That energy 
only depends on the DC current level and the inductance per phase. The speed of the 
commutation process, and therefore the rate of change of current, are also affected by two 
other parameters, i.e. the supply voltage and the firing delay angle. 

Before analysing the commutation process, it is necessary to define the terms commutating 
voltage and commutation reactance. 

The commutating voltage waveforms are those appearing on the DC line during the 
periods when no commutations are taking place. In these operating regions only DC 
current flows through the AC system impedance, and the voltage waveform is therefore 
sinusoidal. 

Considering the AC waveform distortion produced by the converter, it will be neces- 
sary to go back to the system source voltage to find an undistorted supply to the 
converter. In practice, however, converter transformer phase shifting and filtering are 
provided with every converter station and the voltage waveform at the filter busbar 
is reasonably sinusoidal (under steady-state and normal operating conditions). Such 
voltage can therefore be used as the commutating voltage. The commutation reac- 
tance is defined as the reactance between the commutating voltage and the converter 
valves. 


3.3.1 Analysis of the Commutation Circuit 


Figure 3.5 illustrates the commutation process between valves | and 3 of a converter bridge, 
connected to a system with a source voltage v., a commutation reactance per phase X, and 
negligible source resistance. 

With reference to Figure 3.5(a), the commutation from valve 1 to valve 3 can start (by the 
firing of value 3) any time after the upper voltage crossing between veg and vey and must 
be completed before the lower (negative side) crossing of these two voltage waveforms. 
Beyond that point vcy > Vcr and therefore a commutating current i, (= i4) builds up at the 
expense of i, so that at all times i, +i, = I4, as shown in Figure 3.5(c). 

If the commutation reactances are balanced, the rates of change of i4 and —i, are equal; 
therefore, the voltage drops across X¢p and Xcy are the same and thus, during the overlap 
period, the direct voltage v, is the mean value of vc, and veg. The voltage waveforms for 
early (rectification) and late (inversion) commutations are shown in Figure 3.5(b). 


THE COMMUTATION PROCESS 


Xcr Y us la 
> 


(a) 


Ucy — Ver = 2(X,/@)d(i,)/dt 


and using as a reference the voltage crossing between phases R and Y, 


Vey — Uer = V2V, sin(cr) 


where V, is the phase-to-phase rms voltage. 
Thus (3.1) can be written as 
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—V, sin(wt)d(wt) = X.di, 
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Figure 3.5 The commutation process: (a) equivalent circuit; (b) voltage waveforms showing an early 
(rectification) and late (inversion) commutations; (c) current waveforms 


From the circuit of Figure 3.5(a), and assuming X, = Xcy = Xeo, the following analysis 


(3.1) 


(3.2) 
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Integrating from of = a, 


= [ “y databace = x. Í "atj (3.3) 


the instantaneous expression for the commutating current becomes 


L3 


i= a [cos(a) — cos(wt)] (3.4) 


and substituting the final condition, i.e. i, = J, at wt = a + u, yields 


I= a [cos(@) — cos(a + u)] (3.5) 


3.4 Rectifier Operation 


The description and analysis of the conversion process (both for rectifier and inverter 
operation) are made here with reference to a perfectly symmetrical system voltage source. 
A more detailed analysis under unbalanced conditions can be found in [2]. 

Typical voltage and current waveforms of a bridge operating as a rectifier, with the 
commutation effect included, are shown in Figure 3.6, where P indicates a firing instant 
(e.g. P, is the firing instant of valve 1), S indicates the end of a commutation (e.g. at S5 
valve 5 stops conducting), and C is a voltage crossing (e.g. C1 indicates the positive crossing 
between phases blue and red). 

Figure 3.6(a) illustrates the positive (determined by the conduction of valves 1, 3, 5) and 
negative (determined by the conduction of valves 2, 4, 6) potentials with respect to the 
transformer neutral. Figure 3.6(b) shows the direct voltage output waveform. 

The potential across valve 1, also shown in Figure 3.6(b), depends on the conducting 
valves. When valve 1 completes the commutation to valve 3 (at S1) the voltage across will 
follow the red—yellow potential difference until P4. Between P4 and S2 the commutation 
from valve 2 to valve 4 (shown in Figure 3.6(a)) reduces the negative potential of phase 
red and causes the first voltage dent. The firing of valve 5 (at P5) increases the potential 
of the common cathode to the average of phases yellow and blue; this causes a second 
commutation dent, at the end of which (at S3) the common cathode follows the potential 
of phase blue (due to the conduction of valve 5). Finally, the commutation from valve 4 to 
valve 6 (between P6 and S4) increases the negative potential of valve 1 anode and produces 
another voltage dent. 

Figures 3.6(c) and (d) illustrate the individual valves (1 and 4) and Figure 3.6(e) the phase 
(red) currents, respectively. 

A number of reasonable approximations have to be made to simplify the derivation of the 
steady-state equations that follow: the converter valves are treated as ideal switches; when 
calculating the power loss, the valve resistance can be added to that of the DC transmission 
line; the AC systems consist of perfectly balanced and sinusoidal emfs; and the commutation 
reactances are equal in each phase and their resistive components are ignored; the DC current 
is constant and ripple-free, i.e. the presence of a very large smoothing reactor is assumed. 
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Figure 3.6 Typical six-pulse rectifier operation: (a) positive and negative direct voltages with respect 
to the transformer neutral; (b) direct bridge voltage V, and voltage across valve 1; (c), (d) valve 
currents i, to ig; (e) AC line current of phase R 
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Mean direct voltage 


The following expression can be easily derived for the average output voltage with reference 
to the waveforms of Figure 3.6: 


V, = (1/2) V.o[cos(a) + cos(a + u)] (3.6) 


where V.. is the maximum average DC voltage (i.e. at no-load and without firing delay), 
which for the three-phase bridge configuration is 


Vio = (3V2/7)V, 


and V, is the phase-to-phase rms commutating voltage referred to the secondary (or valve 
side) of the converter transformer. 

Equation (3.6) specifies the DC voltage in terms of V., œ and u. However, the value of 
the commutation angle (u) is not normally available and a more useful expression for the 
DC voltage, as a function of DC current, can be derived from Equations (3.5) and (3.6), i.e. 


3X 
V, = V.ocos(@) — = I (3.7) 


AC 


The rms magnitude of a rectangular current waveform (neglecting the commutation overlap) 
is often used to define the converter transformer MVA, i.e. 


js i |a m f Palon) | = Bi, (3.8) 


Since harmonic filters are normally provided at the converter terminals, the current flowing 
in the AC system contains (ideally) only fundamental component frequency and its rms 
magnitude (obtained from Fourier analysis) is 


I, =1,V6/7 (3.9) 
If the effect of commutation reactance is taken into account, the current waveform for a 
star/star transformer connection is shown in Figure 3.6(e). Using Equations (3.4) and (3.5) 
the currents of the incoming and outgoing valve during the commutation are defined by 


Equations (3.10) and (3.11), respectively: 


_ [,|cos(@) — cos(ot)] 


= f t 3.10 
cos(a) — cos(a + u) Lid LEAL (310) 


cos(a) — cos(wt — 27/3) 
cos(@) — cos(a + u) 


. 27 2T 
i=l- frata RM E ee (3.11) 
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In between commutations the current is 
i=l, for a+u<ot<(27/3)+a (3.12) 


The fundamental component of the current waveform, defined by Equations (3.10), (3.11) 
and (3.12), is 


I= ENT [cos(2a@) — cos 2(a +u)} +[2u+ sin(2a)) — sin 2(a + or 
T 


(4[cos(a) —cos(a+u)]} (3.13) 


3.5 Inverter Operation 


In an LCC the following three conditions must be met to achieve power inversion, i.e. a 
supply of power from the DC to the AC side: 


1. Presence of an active AC voltage source which provides the commutating voltage 
waveforms. 


2. Provision of firing angle control to delay the commutations beyond a = 90°. 
3. A source of DC power supply. 


The process of inversion has been described in Section 3.2.1 with reference to an ideal 
system without commutation reactance. In practice, the presence of commutation reactance 
prevents full inversion because the delay angle must be considerably lower than 180? to 
take into account the commutation angle and ensure that the outgoing valve recovers its 
capability to withstand reverse voltage before the voltage crossing. 

As shown in Figures 3.7(a) and (e), the commutation from valve 1 to valve 3 (at P3) 
requires that phase Y is positive with respect to phase R. The commutation must not only be 
completed before C6, but some extinction angle y, (> Yọ) must be left for valve 1, which 
has just stopped conducting, to re-establish its blocking ability. This puts a limit on the 
maximum angle of firing a = m — (u + Yọ) for successful inverter operation. If this limit 
were exceeded, valve 1 would pick up the current again, causing a commutation failure, 
which results in a short circuit on the DC side and a momentary loss of power transmission. 
Commutation failures are mainly caused by events in the AC system. Typical causes are a 
voltage drop or a phase angle change in the AC system resulting from a switching event 
or system fault. Commutation failures are random and statistical in nature and, therefore, 
the design objective is to try and minimise their rate and consequences. Unlike the process 
of rectification, where the delay angle œ can be chosen accurately to satisfy a particular 
control constraint, the same is not possible with respect to the inverter firing angle, because 
of the uncertainty of the overlap angle (u). Events taking place after the instant of firing are 
beyond predictability and, therefore, the minimum extinction angle yọ must contain a margin 
of safety to cope with reasonable uncertainties (values between 15° and 20° are typically 
used). However, the greater the extinction angle, the greater the DC system voltage rating 
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Figure 3.7 Typical six-pulse inverter operation: (a) positive and negative direct voltage with respect 
to the transformer neutral; (b) voltage across valve 1 and direct bridge voltage V}; (c), (d) valve 
currents i, to ig; (e) AC line current of phase R 
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and cost; moreover, the overall system losses are increased with higher extinction margins, 
because the reactive power absorption of the converter plant is correspondingly increased. 
Although the analysis carried out for the rectification process is equally applicable to 
inverter operation, for convenience, the inverter equations are often expressed in terms of 
the angle of advance B(= 7 — a) or the extinction angle y(= B—u). 
Thus, omitting the negative sign of the inverter DC voltage, the following expres- 
sions apply: 


32 3X, 
Va = i cos(y) zs i I, (3.14) 
T T 
or 
3.2 3X 
Va = s cos(B) + “Iy (3-15) 
T T 
or 
V= Verm [COS(B) + cos(y)] (3.16) 
d Jar term Y $ 
The expression for the DC current is now 
V. 
l= [cos(y) — cos(B)] (3.17) 


J2X, 


3.6 Power Factor and Reactive Power 


Due to the firing delay and commutation angles, the converter current in each phase always 
lags its voltage, as shown in Figure 3.6(c). The rectifier therefore absorbs lagging current 
(i.e. consumes reactive power). 

With perfect filtering no distorting current flows into the AC system, and the power factor 
can be approximated by the displacement factor cos($), where $ is the phase difference 
between the fundamental frequency voltage and current components. 

Thus under ideal conditions, with losses neglected, the active fundamental AC power (P) 
is the same as the DC power, i.e. 


P= V3V, Icos() = Vily (3.18) 
and 
cos($) = V,IL/(V/3 V.D (3.19) 


Substituting Equation (3.9) in (3.18) yields the following expression for the DC voltage in 
terms of the AC side variables: 


3.2 
V= v2 


T 


V, cos(ġ) (3.20) 


70 LINE-COMMUTATED HVDC CONVERSION 


Also, substituting V} and Z; from Equations (3.6) and (3.9) in (3.19), the following approx- 
imate expression results for the power factor caused by the rectification process: 


cos($) = '/,[cos(a) + cos(a + u)] (3.21) 


The reactive power expressed in terms of the active power, is 


Q = Ptan(¢) (3.22) 
where tan(@), derived from Equations (3.13) and (3.19), is 


sin(2a + 2u) — sin(2a) — 2u 
cos(2a) — cos(2a + 2u) 


tan($) — (3.23) 


Similarly to Equation (3.21), the following approximate expression can be written for the 
power factor in the inversion process: 


cos() = ' /;[cos(y) + cos(B)] (3.24) 


Referring to the AC voltage and valve current waveforms in Figures 3.7(a) and (e), it is 
clear that the current supplied by the inverter to the AC system lags the positive half of 
the corresponding phase voltage waveform by more than 90^, or leads the negative half of 
the same voltage by less than 90°. It can be said that the inverter either ‘absorbs lagging 
current’ or ‘provides leading current’, both concepts indicating that the inverter, like the 
rectifier, acts as a sink of reactive power. This point is made clearer in the vector diagram 
of Figure 3.8. 

Equations (3.18), (3.21) and (3.22) show that the active and reactive powers of a controlled 
rectifier vary with the cosine and sine of the control angle respectively. Thus, when operating 
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Figure 3.8 Vector diagrams of current and power (suffix R for rectification and I for inversion) 
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Figure 3.9 Variation of reactive power with active power 


on constant current, the reactive power demand at low powers (¢ ~ 90°) can be very high. 
Such operating condition is prevented in the case of an HVDC converter by the use of 
on-load transformer tap-changers, which try and reduce the steady-state control angle (or the 
extinction angle) to the minimum specified. Under such controlled conditions, Figure 3.9 
shows a typical variation of the reactive power demand versus active power of an HVDC 
converter; the reactive power demand is shown to be approximately 60% of the power 
transmitted at full load. 


3.7 Characteristic Harmonics [3] 


Line-commutated static converters generate characteristic harmonic voltages and currents 
on the DC and AC sides, respectively. The orders of these harmonics are related to the 
pulse number of the converter configuration, defined as the number of non-simultaneous 
commutations per cycle of the fundamental frequency. 

A converter of pulse number p ideally generates only characteristic voltage harmonics of 
orders pk on the DC side and current harmonics of orders pk +1 on the AC side (where k 
is any integer). 

The derivation of the characteristic harmonics is based on the following assumptions: 


1. The supply voltages are displaced exactly by one-third of a cycle in time from each 
other and consist only of fundamental frequency. 
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2. The DC current is perfectly constant (i.e. has no frequency components). This can only 
be achieved if the DC smoothing reactor has infinite inductance. 


3. The valves begin conducting at equal time intervals. 


4. The commutation impedances are the same in the three phases (i.e. all the overlap angles 
are the same). 


3.7.1 DC Side Harmonics 


For the three-phase bridge configuration (i.e. p = 6) the order of harmonics is n = 6k. The 
repetition interval (see Figure 3.6(c)) is 7/3 and it contains three different functions which, 
using as a time reference the voltage crossings, are expressed as follows: 


V,=~V2V. cos(wt+7/6) for0<at<a (3.25) 


= /2V, cos(wt + 7/6) + 7 L ov, sin(or) = “Év, cos(wt) fora «or«a-du 
(3.26) 


V, 2 J2V, cos(ot — 7/6) for a--u < ot < 7/3 (3.27) 


From Fourier analysis, the rms magnitudes of the harmonic voltages are determined from 
the expression 


V,= Herp e os [o 07 ] 0+ 1)? cos? [n-07 | 
—2(n — 1)(n+ 1) cos [c + 5 | cos le — 5 | cos(2a + o. (3.28) 


Equation (3.28) shows some interesting facts. First, for a = 0 and u = 0, the relative value 
of the nth harmonic reduces to 


Vo VIJ (n? — 1) z V2/n? (3.29) 


c0 


giving 4.04, 0.99 and 0.44 % for the 6th, 12th and 18th harmonics, respectively. Generally, 
as q increases, harmonics increase as well, and for a = (7/2) and u = 0 the value of the 
nth harmonic becomes 


Tos 2n/ (n? — 1) z /2/n (3.30) 


c0 


By way of example, Figure 3.10 illustrates the variation of the sixth harmonic with firing 
and overlap angles. 
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Figure 3.10 Variation of sixth harmonic on the DC voltage in relation to angles of delay and overlap 


3.7.2 AC Side Harmonics 


With zero commutation reactance the ideal current waveform for a star/star-connected 
converter transformer, shown in Figure 3.11(a), is defined as follows: 


: T T 
i — I, for E x 


3 
ice Teme- au T antc (3.31) 
=0 for - — < wt < —— and — < wt < — ; 
' 3 3 3 3 
] 2T 2T 
dp c Ml c Ad Oe 


The Fourier series for this current waveform is 


2245 


L 


1 1 1 
I, [oston -3 cos(5wt) + 7 cos(7wt) — n° (lot) +... l (3.32) 


T 
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Figure 3.11 Idealised phase current waveforms on the primary side: (a) star-star transformer connec- 
tion; (b) delta-star transformer connection 


which shows that the harmonics of orders (6k — 1) rotate in the positive sequence (i.e. in 
the same sense as the fundamental), whereas those of orders (6k + 1) rotate in the negative 
sequence. 

The magnitude of the nth harmonic is given by 


pec (3.33) 


and that of the fundamental 


I (3.34) 


3.8 Multi-Pulse Conversion 
3.8.4 Transformer Phase Shifting 


When the power rating justifies the use of more than one bridge, the need for external filtering 
can be reduced by appropriate phase shifting of the individual converter transformers, which 
can be achieved by the use of different transformer connections. 

The most common transformer connections are the star and delta types. A transformer 
consisting of star-connected primary and secondary windings does not alter the phase rela- 
tionship of the input and output line-to-line voltages. However, the use of either delta—star or 
star-delta primary to secondary connections introduces a 30? phase shift between the input 
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and output line-to-line voltages. The resulting current waveforms are shown in Figure 3.11(b). 
The Fourier series for the delta-star transformer connection is 


2/3 
Tr 


= 


I, [cos(or) +1/,cos(Swt) —'/,cos(7w) —'/,,cos(1lwt)+... ] (3.35) 


Equation (3.35) is the same as (3.32), the star-star Fourier series, with the exception that 
the harmonics 5, 7 (k = odd numbers) are of opposite sequence. 

A detailed description of alternative converter transformer and autotransformer connec- 
tions providing different phase shifts can be found in [4]. These include the zigzag, polygon, 
differential delta, centre-tapped delta, fork and differential fork connections, all of which 
can be used to provide high-pulse converter configurations. While these connections can 
be considered for low-voltage applications, such as the metal reduction industry, they are 
usually found uneconomical in high-voltage power conversion. 


Double bridge configuration 


Equations (3.32) and (3.35) indicate that the use of two bridges (either in parallel or series 
on the DC side), one with a star-star and the other with delta-star or star-delta transformer 
(i.e. with a 30° phase shift between them), will inject only harmonic currents of orders 
n= 12k + 1 into the AC system. 

The series-connected double bridge converter, shown in Figure 3.12, has become the 
standard configuration in HVDC transmission. The current waveform and harmonic spectrum 
of the double bridge 12-pulse configuration are illustrated in Figure 3.13 (with the overlap 
angle ignored). The characteristic harmonics decrease with increases in commutation angle 
(u), the rate of decrease being greater for higher harmonics. By way of example, Figure 3.14 
shows the variation of the fifth harmonic with commutation angle for different values of the 
firing delay. 


D.C. line 
Converter 6-Pulse -— 


Converter transformers bridges 


busbar 


11th.13th 


HP filters Electrode line 


Figure 3.12 The 12-pulse configuration 
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Figure 3.13 Idealised phase current waveform with 12-pulse operation: (a) current waveform; (b) 
frequency domain representation 


During normal operation a is small (say up to 10°) and u is large (say 20°), whereas during 
disturbances, when g is nearly 90°, uis very small and the harmonics approach their maximum. 

For inverter operation o and (œ+ u) should be replaced by the extinction angle y and the 
angle of advance f, respectively. 

The DC side voltages are also 30° out of phase and so are their harmonic components. Since 
30? of main frequency corresponds to a half-cycle of sixth harmonics, this harmonic will be 
in phase opposition in the two bridges. Similarly for the 12th harmonic, 30? corresponds to 
one cycle, giving harmonics in phase; for the 18th, 30° corresponds to one and a half cycles, 
giving harmonics in opposition, and so on. 

The addition of further appropriately shifted transformers connected in parallel on the AC 
side provides the basis for increasing pulse configurations. For instance, 24-pulse operation 
is achieved by means of four transformers with 15? phase shifts and 48-pulse operation 
requires eight transformers with 7.5? phase shifts. Although theoretically possible, pulse 
numbers above 48 are rarely justified due to the practical levels of imbalance and distortion 
found in the supply voltage waveforms, which can have as much influence on the voltage 
crossings as the theoretical phase shifts. 
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Figure 3.14 Variation of fifth harmonic with the angle of commutation overlap 


As in the case of the 12-pulse connection, the alternative phase shifts involved in higher 
pulse configurations require the use of appropriate factors in the parallel transformer ratios 
to achieve common fundamental frequency voltages on their primary and secondary sides. 

The theoretical harmonic currents are related to the pulse number (p) by the general 
expression pk + 1 and their magnitudes decrease in inverse proportion to the harmonic order. 

Although the multi-bridge concept has been extensively used for high-power, low-voltage 
applications, it is not found to be cost effective for DC transmission and the 12-pulse series 
configuration has become the standard configuration. 


3.8.2 DCRipple Reinjection [5] 
Single bridge pulse multiplication 


As shown in Figure 3.1(g), static converters produce a ripple voltage at their DC output. 
With six-pulse rectification the ripple has a period of (1/6)T, where T — 1/f. However, 
with respect to the star point of the converter side transformer windings, each DC pole has 
non-sinusoidal ripple voltage of period (1/3)T, i.e. a triple frequency voltage. This voltage 
has the same phase relationship on each DC pole and is referred to as the common mode 
DC ripple voltage. 
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Figure 3.15 Bridge rectifier with ripple reinjection. T,, T5, feedback transformers; N, turns ratio; 
C, blocking capacitor; D, feedback rectifier. (The dashed lines indicate the paths of injected current, 
while D, and D, are on) 


The principle of DC ripple reinjection is applicable to the line-commutated three-phase 
current source converter bridge and the circuit configuration is shown in Figure 3.15. The 
converter transformer is star connected on the converter side and must have either a delta 
primary or delta tertiary winding. It requires an auxiliary single phase transformer with two 
primary windings connected to the common mode DC ripple voltage via blocking capacitors. 
This transformer provides the commutating voltage for a single phase full-wave rectifier 
(or feedback converter) connected to the secondary windings. The output of the feedback 
converter is connected in series with the DC output of the six-pulse converter bridge. The 
frequency of the harmonic injection is determined by the supply frequency, and therefore 
the harmonic source is always synchronised with the mains frequency. 

The required phase adjustment of the injected current is achieved by thyristor control in 
the feedback converter, and the firing angle control of the feedback converter is locked to that 
of the main converter. When the thyristors of the feedback converter are fired 30° after the 
firings of the main converter valves, the waveforms in Figure 3.16 result. A Fourier analysis 
of waveform E shows that, for a particular ratio of the injected current to rectifier current 
ratio, all harmonics of orders 6n + 1 (where n = 1,3,5,...) are zero, while those of the 
remaining orders (i.e. for n = 2, 4,6, . . . ) retain the same relationship with the fundamental 
as before. The result is that the original six-pulse converter configuration has been converted 
to a 12-pulse converter system from the point of view of AC and DC system harmonics. 


Double bridge pulse multiplication [6] 


The reinjection principle is even more effective when the 12-pulse (instead of the six-pulse) 
converter is used as a basis for the pulse transformation. In this case the centre point between 
the two bridges is used, instead of the transformer neutral, as the reinjection point and the 
DC ripple across the bridge (which in this case is 1/67) provides the commutating voltage 
source for the reinjection bridge. 
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Figure 3.16 Current waveforms for the converter of Figure 3.15: (A) reinjection injected current; (B) 
rectifier current before modification; (C) modified phase current, (D) second-phase current displaced 
120°; (E) resultant phase current on delta primary 
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Figure 3.17 The 24-pulse series bridge configuration 
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For the series configuration, Figure 3.17 illustrates the modified circuit required to imple- 
ment the reinjection concept; the additional components are two capacitors C, needed to 
block the DC component of voltages v, and v,, two transformers T, (operating at the ripple 
frequency, which is six time the fundamental frequency) and a single phase converter bridge. 

The commutating voltage of the ripple reinjection thyristors is the common mode ripple 
frequency voltage of the 12-pulse converter group. The voltage waveforms associated with 
the pulse doubling process of the series connection are shown in Figure 3.18 for any pulse 
number p of the main converters. The individual voltages of the converter bridges, v, and 
v,, are shown in graph (a). The output of the reinjection circuit (v,) is a 12-pulse voltage 


(c) N 
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Figure 3.18 Voltage waveforms on the DC side of the 24-pulse reinjection configurations 
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waveform (graph (b)). Its level is adjusted by the transformer (or autotransformer) turns 
ratio (N,/No) and its phase is shifted by firing angle control. Finally, v, is added to the 
converter terminal voltage v, (graph (c)) to double the number of pulses of the combined 
(output) voltage waveform v, (graph (d)). 

Clearly an appropriate selection of firing delay for the reinjection bridge valves T, T" 
(in Figure 3.17) and a suitable turns ratio of the feedback transformer T, produce a voltage 
waveform vy, which when added to v, doubles the pulse number of the output voltage v,, 
regardless of the value of the firing angle. 

Figure 3.19 shows the AC waveforms associated with the circuit of Figure 3.17. In this 
figure, graphs (c), (f) and (h) are the conventional current waveforms in the absence of the 
reinjection circuit. Graph (a) shows the valve conducting sequences of the main bridges. 
Using the 12-pulse ripple voltage as commutating voltage for the reinjection bridge, a six- 
pulse reinjection current (i;) is produced on the secondary side of the reinjection transformers 
(shown in graph (b)). 

On the phases of the delta-connected bridge the reinjection current (745) is shown in graph 
(d) and the addition of (d) and (c) produces the delta winding current (graph (e)). Similarly, 
in the star-connected bridge the reinjection current (i;) is added to the basic waveform (f) to 
produce i” /4/3 (graph (g)). Finally the addition of (e) and (g) results in the 24-pulse output 
current waveform (i4) shown in graph (j). 

However, the ripple reinjection concept has not been found competitive with the conven- 
tional converter configuration supplemented by filters. This is mainly due to the part played 
by the filters in the provision of reactive power requirements of the LCC process. It will be 
shown in Chapters 4 and 7 that the use of self-commutating reinjection switches can make 
this concept far more attractive. 


3.9 Uncharacteristic Harmonics and Interharmonics 


The harmonics caused by imperfect system conditions encountered in practice cannot be 
predicted with the idealised models described in previous sections. In general each of the 
three main parts of the system is always in error to some extent: 


1. The AC system voltages are never perfectly balanced and undistorted and the system 
impedances, in particular those of the converter transformer, are not exactly equal in the 
three phases. 


2. DC may be modulated from another converter station in the case of a rectifier 
inverter link. 


3. The firing angle control systems often gives rise to substantial errors in their implemen- 
tation. 


As a result the static converters generally produce harmonic orders and magnitudes not 
predicted by the Fourier series of the idealised waveforms. 

The uncertain nature of the ‘uncharacteristic’ harmonics makes it difficult to prevent them 
at the design stage. Filters are not normally provided for uncharacteristic harmonics and, as 
a result, their presence often causes more problems than the characteristic harmonics. 
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Figure 3.19 Current waveforms for the 24-pulse reinjection configurations 
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Table 3.1 Harmonic measurements during back-to-back testing of the New Zealand 
HVDC converters 


Harmonic 400 A DC (one-third full load) current; phase-to-neutral 
voltages at Benmore on 220 kV 


Red phase (%) Yellow phase (%) Blue phase (%) 
1 100 100 100 
2 0.5 0.7 1.0 
3 2.9 0.3 1.0 
4 0.6 0.3 0.4 
3 0.25 0.15 0.25 
6 0.25 0.30 0.35 
7 0.15 0.15 0.1 
8 0 0.05 0.1 
9 0.05 0.05 0.15 
10 0.05 0.05 0.05 
11 0.1 0.15 0.1 
12 0.15 0.05 0.15 
13 0.05 0.05 0.05 
14 0.05 0.05 0.05 
15 0.15 0 0.2 
16 0 0.1 0.15 
17 0.3 0.3 0.3 
18 0 0.05 0.1 
19 0.3 0.3 0.7 
20 — — — 
21 — — — 
22 0.2 0.2 0.5 
23 0.4 0.2 0.3 
24 0.2 0.2 0.15 


By way of example, Table 3.1 shows the results of harmonic measurements during 
back-to-back testing of the New Zealand HVDC station at Benmore. All the harmonic 
voltages are unbalanced, particularly the third and ninth. The table also illustrates the 
presence of all current harmonic orders, odd and even, with the uncharacteristic orders 
causing higher voltage distortion than the characteristic ones. A realistic quantitative anal- 
ysis of the uncharacteristic harmonic components can only be achieved by a complete 
three-phase computer model of the system behaviour with detailed representation of the 
converter controls. A mostly qualitative assessment of the main problem areas and the sensi- 
tivity of the system to small deviations from the ideal conditions are considered in this 
section. 


3.9.1 Imperfect AC Source 


Deviations from the perfectly balanced sinusoidal supply can be caused by (i) the presence 
of negative sequence fundamental frequency in the commutating voltage; (ii) harmonic 
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Figure 3.20 Sustained unbalanced voltage on single converter bridge: (a) three-phase voltages; (b) 
direct voltage; (c) direct current; (d) three-phase currents 


voltage distortion of positive or negative sequence; (iii) asymmetries in the commutation 
reactances. In general an imperfect AC source produces asymmetrical firing references and 
DC modulation. The first problem can be eliminated by using equidistant firing control [7], 
but the second problem still remains. This effect, illustrated in Figure 3.20 for the case 
of an unrealistically high level of fundamental voltage asymmetry, produces considerable 
second-harmonic content on the DC side and third-harmonic on the AC side [8]. 

Under normal operating conditions the expected levels of asymmetry and distortion are 
small and their effects can be approximated with reasonable accuracy. 

With reference to unbalanced conditions, a CIGRE Working Group [9] examined the 
effect of different factors of asymmetry (one at a time) on an otherwise standard 12-pulse 
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converter. The AC system was assumed to be of negligible impedance (i.e. the terminal 
voltage was perfectly sinusoidal) and the DC ripple was ignored. In practice, of course, the 
result of imbalance is a combination of each effect, which may either increase or decrease 
the harmonic content of the individual cases. 

Five cases were considered as follows: 


1. The voltage in one phase is reduced by 1 % with respect to the other two. 


2. The transformer’s leakage reactances are 20 % (for five of the phases) and 21 % (for the 
sixth phase). 


3. Different transformer reactances are considered, i.e. 20 % (for the star-star) and 21 96 
(for the star-delta). 


4. Different transformer turns ratios are considered, i.e. 100% (for the star-star) and 
100.5 96 (for the star-delta). 


5. The firing angles are 15° (for five valves) and 15.2? (for the remaining valve). 


The effect of each of these cases on the first 10 harmonic currents generated by the converter 
are shown in Table 3.2. These results show that the effects of phase reactance imbalance 
and firing angle imbalance are different for the two types of converter transformer. These 
are more severe for the star-star transformer (i.e. in the absence of a delta winding). 

With reference to supply distortion, if a small positive or negative sequence signal 
V, (per unit of the normal fundamental voltage) is added to the otherwise ideal three- 
phase supply of a 12-pulse converter configuration, the order and maximum level (V,) of 
uncharacteristic harmonic voltage at the rectified output come under one of the following 
categories [10]: 


Table 3.2 Harmonic currents (in % of the fundamental) generated by different 
unbalanced types 


Harmonic Unbalanced type 
order 
1 2 3 4 5 

1 100.00 100.00 100.00 100.00 100.00 
2 0.0279 
3 0.069 0.130 0.0268 
4 0.0253 
5 0.208 0.414 0.0666 0.0234 
6 0.0213 
7 0.0184 0.366 0.0516 0.0189 
8 0.0163 
9 0.043 0.0904 0.0136 

10 0.0109 
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Case 1: If n+k=12p,+1 and n— k = 12p, + 1, where p, and p, are any integers, then 


2 
( 2) esr 
PoE 


kJ/2 
(5) if k >n? 


k? — n? 


(3.36) 
V, 


n 


Case 2: If n+ k 2 12p, + 1 but n—k Z 12p, + 1, then 


1 
" A/2(n-- k) 


Case 3: If n — k = 12p, + 1 but n+ k Z 12p,+1, then 


V, = (3.37) 


1 
V= VEL 
Fo /2(n—k) 
Case 4: If n+k ZZ 12p, 4-1 and n — k Z 12p, + 1, then 


(3.38) 


y, 20 (3.39) 


An interfering AC side voltage harmonic (V,) of order (—1, +2, —2, 4-3, —3, —4, —5) will 
cause a corresponding DC side voltage harmonic (V,) of order (2,1,3,2,4,5,6) respectively, 
with a magnitude of 0.707 (as a ratio of the interfering harmonic magnitude). V, is expressed 
as per unit of the maximum average DC voltage and V, as per unit of the normal AC voltage. 

The values given above are in practice applicable also to converters of higher pulse 
number. Thus, while characteristic harmonics can be reduced by using high pulse numbers, 
the uncharacteristic harmonics due to AC imbalance cannot. 

It should be noted that the above is an approximation due to neglect of commutation 
reactance but is generally sufficiently valid at low harmonic orders (below the fifth). 

The cause of the imperfection may also be some asymmetry in the commutation reac- 
tances, 1.e. 


X, = Xo(1 dg) 
X, =X (1+8) 
X. = Xo(1 +8.) 


where X, is the mean reactance and each value of g can vary between +p. In this case the 
maximum level of uncharacteristic AC harmonic currents /, of order n (in phase a) for the 
case of a six-pulse bridge occurs when 


g,—0 g,=+8 8.=Fe, forn=3, 9, 15, etc. 


or 


-20 8,= FS 8,—0 forn-5, 7, 11, 13, etc. 


Ea = 
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The maximum value of 7, neglecting changes of DC and AC voltage is obtained from the 
expression 


1,8 
n(n? — 1)i;X V3 


x [n^[cos(a + u) — cos(@)]? + 2r? sin(a) sin(nu[cos(a + u) —cos(a)]} 


L= 


n 


+ r? (sin? (a)--sin? (a + u)+2 cos(nu)[cos? (æ) — cos(u)] + 2cos(o) [cos(a + u) 


— cos(a)]) + 2n cos(a) sin(nu)[sin(a) + sin(a + u)] + 2 cos? (o[1 — cos(nu)])]'? 
(3.40) 


for n — 3, 9, 15, etc., where J, is the fundamental rms current, i, is the DC current per unit, 
X, is the mean commutation reactance per unit, œ is the firing angle and u is the overlap 
(or commutation) angle. For n = 5, 7, 11, 13, etc., the above expression should be divided 
by 2. 

Table 3.3 gives values for a typical case of X, = 0.2 per unit, a= 15°, gy = 0.075. 

Unequal commutation reactances also cause uncharacteristic voltages on the DC side. 
The highest magnitude of these occurs when g, — 0, g, = +8 and g, = —8. Only even 
harmonics occur, given by 


i4 Xogo Viio 
24/6 
where V,;;, is the theoretical no-load DC voltage. 


As an example, for i, = 1, X, — 2096 and g, = 0.075, V, (max) is 0.31% of V, for 
n — 2, 4, 8, 10, 14, 16, etc., independently of harmonic order or of firing angle. 


V, (max) = (3.41) 


3.9.2 DC Modulation 


If we now assume a perfect three-phase supply and equidistant firing, the addition of a small 
current harmonic component J, of low order k (say between 1 and 4) on the DC side will 
generate a component 7, of different order, but of the same sequence, on the AC side, the 
maximum level of which, in % of /,, is approximately 0.707. 


Table 3.3 Typical harmonic currents (in 
% of the fundamental) for a 0.075 per unit 
asymmetry in the commutation reactances 


n 1, (% of 1,) 


3 0.70 
5 0.33 
7 0.29 
9 0.50 
11 0.22 
13 0.19 


15 0.31 
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The amplitude 7, is in multiples of /,J,/7,, where I, is the rms fundamental current at the 
AC busbar, 7, is the rms interfering current on the DC side at order k and 7; is the DC. 

This effect (and magnitude) is independent of the prime cause of the DC modulation. It 
is again approximate, and valid only at low frequencies, because the commutation reactance 
has been neglected. 


3.9.3 Control System Imperfections 


No general rules can be given in this case. By way of example, Ainsworth [10] describes the 
effect of modulating the harmonic content of the voltage applied to the oscillator of the DC 
control system using the phase-locked oscillator principle [7]. Assuming constant DC current 
and AC voltages, a V, modulating harmonic signal of order n (per unit, referred to the normal 
steady-state control voltage), causes DC voltage components of orders n, =+n+12p ina 
12-pulse converter, where p is any integer. 

The magnitude (per unit of the maximum average rectified voltage) of the DC voltage 
modulation is 


V.si 2 
A sin(ag) cos(n,ug/2) (3.42) 
n 
where ay and uy are the mean firing and overlap angles respectively. 
The total AC magnitude referred to one phase of one valve winding at harmonic order n, 
due to a similar excitation is 


I,V,24/3sin(n;ug/2) 
n;[cos(a$) — cos(a + ug)] 


I,(n;) = (3.43) 


for n, — +n + (1,11, 13,...) only. 


3.9.4 Firing Asymmetry 


AC system imperfections or firing errors result in pulse width deviations from the charac- 
teristic quasi-rectangular current waveform. Kimbark [11] described the effect of late and 
early firings with reference to a six-pulse bridge converter. 

If the positive current pulses start early by an angle & and the negative ones start late 
by the same angle, the non-conductive intervals are increased by 2e. The even symmetry, 
which eliminates the even-ordered harmonics, is now lost and the even harmonics for small 
overlap angles are given by the expression 


I 2si 
ka O ag (3.44) 
I1,  2ncos(s) 


For example, for & = 1°, the second and fourth harmonics are each approximately 1.74 % of 
the fundamental current. 

If the firings of the two valves connected to the same phase are late by e, then the 
positive and negative current pulses of that phase are ° shorter than normal. Moreover, 
the current pulses of one of the remaining phases (the leading phase) are increased by e, 
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while those of the lagging phase remain unaltered. This produces triplen harmonic currents. 
On the assumption of zero overlap angle, the ratio of the triplen harmonics (h = 3q) to the 
fundamental current is expressed by 


L,  sin(qm + 1.5qe) (3.45) 
I, 3qsin(a/3 + €/2) 


For small values of & the approximate levels of third harmonic are given by 


L | 1.5qe 
L 3qV3/2 


That is, fore = 1°, 7, = 1 % of the fundamental. 


= 0.577e (3.46) 


3.9.5 Magnification of Low-Order Harmonics 


The following simplified reasoning explains the harmonic magnification phenomena. Let us 
consider the case of a static converter (represented as a harmonic current injector) fed from 
an AC system of internal impedance Z, at the h harmonic. 

The AC system admittance at the fundamental and low-order harmonics is predominantly 
inductive, i.e. 


Y, = G, — jB (3.47) 


r 


In the absence of filters or compensation, the harmonic current (/;,) generates at the point 
of connection a harmonic voltage of amplitude 


V, = Z Lh, = I,/Y, (3.48) 


When a capacitor bank or filters of admittance Y, are present, the harmonic voltage at the 
point of connection becomes 


V, — LJ, + Y;) (3.49) 
and, since the admittance of a filter bank is predominantly capacitive (Y, = j B,), 
When B, — B, the harmonic voltage is only limited by the system resistance, which is 
generally very small. Thus when Y,+ Y, < Y, the harmonic distortion is magnified, the 
magnification factor being 
V/V, — YA, + Yj) (3.51) 
Consequently, a low-order non-characteristic harmonic current, which has no practical 


adverse effect in the absence of the capacitor or filter banks, can be amplified to give a 
voltage greater than the filtered harmonics. 
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3.10 Harmonic Reduction by Filters 


3.10.1 AC Side Filters 


When planning the installation of large converter plant, the decision has to be made between 
using a converter configuration with low levels of waveform distortion or installing harmonic 
compensation equipment at the terminals. External harmonic compensation is achieved by 
means of filters. In each case the decision will depend on such factors as the power and 
voltage rating of the equipment to be installed and the effect of the local (internal) waveform 
distortion on the rest of the plant. 

The size of a filter is defined as the reactive power that the filter supplies at fundamental 
frequency. It is substantially equal to the fundamental reactive power supplied by the 
capacitors. The total size of all the branches of a filter is determined by the reactive power 
requirements of the harmonic source and by how much this requirement can be supplied by 
the AC network and/or by extra shunt capacitors. The amount of filter capacity needed to 
limit harmonics will depend on the system impedances and will typically be of the order of 
20 to 30 96 of the converter rating. 

The ideal criterion of filter design is the elimination of all detrimental effects caused by 
waveform distortion, including telephone interference, which is the most difficult effect to 
eliminate completely. However, the ideal criterion is unrealistic for technical and economic 
reasons. A more practical approach is to try and reduce the problem to an acceptable level at 
the point of common coupling with other consumers, the problem being expressed in terms 
of harmonic current, harmonic voltage, or both. A criterion based on harmonic voltage is 
more convenient for filter design, because it is easier to guarantee staying within a reasonable 
voltage limit than to limit the current level as the AC network impedance changes. 

Typical specified factors to be taken into account in filter design are the voltage distortion 
caused by individual harmonics (V,,), the total voltage distortion defined as 


Vip = V x. M (3.52) 


and the telephone influence factor (TIF). 

The TIF gives an approximation of the effect of the distorted voltage or current waveform 
of a power line on telephone noise, without considering the geometrical aspects of coupling. 
The harmonic frequencies which are sensitive to the ear are given high weighting factors, 
since even if the harmonic magnitudes are small, these harmonics may result in unacceptable 
telephone noise. The TIF is defined as 


1/2 
1 oo 

TIF = — | Y (KP, V (3.53) 
VUE 


where 

K, —5000(f/1000)—5f 

P, — C-message weighting 

V, — rms voltage of frequency f on the power line 


HARMONIC REDUCTION BY FILTERS 91 


and 


1/2 


v=| 5v (3.54) 
f=0 


The quality of a filter (Q) expresses the sharpness of tuning and is therefore defined 
differently for tuned and high-pass filters. The sharpness of tuning of a resonant filter branch 
increases with the ratio of its resonance inductance or capacitance to its resistance, whereas 
in the case of a high-pass filter, the sharpness increases in inverse proportion to that ratio. 

The high-Q or tuned filter is sharply tuned to one or two of the lower harmonic frequencies 
such as the fifth and seventh. The low-Q or damped filter provides a low impedance over 
a broad band of frequencies and is often used to eliminate the higher order harmonics, 
e.g. 17th up. It is normally referred to as a high-pass filter. 

To comply with the required harmonic limitations the design of filters involves the 
following steps: 


1. The harmonic current spectrum produced by the converter is injected into a circuit 
consisting of filters in parallel with the AC system, as shown in Figure 3.21, and the 
harmonic voltages are calculated. 


2. The results of step 1 are used to determine the individual and total harmonic distortion 
levels. 


3. The stresses in the filter components, i.e. capacitors, inductors and resistors, are then 
calculated and with them their ratings and losses. 


Three components require detailed consideration in filter design, i.e. the harmonic current 
source and the filter and system admittances. 

The harmonic current source content should be varied through the range of converter 
operation. As far as the system and filter admittances are concerned, it is essential to calculate 
the minimum total equivalent admittance at each harmonic frequency, which will result in 
maximum voltage distortion. 

The obvious filter design is a single broad band-pass configuration capable of attenuating 
the whole spectrum of injected harmonics (e.g. from the fifth up in the case of a six-pulse 


Harmonic current from source Harmonic current into network 
— Qn — o 


Harmonic source 


Harmonic current into filter 


Figure 3.21 Simplified circuit for the harmonic source, filter and AC network impedance 
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converter). However, the capacitance required to meet such a target is too large, and it is 
usually more economical to attenuate the lower harmonic orders by means of single arm 
tuned filters, which for the double bridge HVDC converter are the 11 and 13, as shown in 
Figure 3.13. 

The derivation of AC system harmonic impedances, their incorporation in AC filter design 
and a thorough description of the alternative configurations used in LCC conversion can be 
found in [3]. 


3.10.2 DC Side Filters 


On the DC side of HVDC converters the voltage harmonics generate harmonic currents, 
whose amplitudes depend on known elements such as the delay and extinction angles, the 
overlap angle and the impedance of DC circuits (i.e. smoothing reactors, damping circuits, 
surge capacitors and the line itself). 

In contrast to the AC filters discussed above, the DC filters: 


e do not carry fundamental frequency power and therefore have substantially lower losses; 

e do not need to provide reactive power, their only function being harmonic mitigation; 

e have a main capacitor that has to withstand the full pole-to-neutral DC voltage. 

Also, the harmonic impedances do not change with the operating conditions and it is therefore 

possible to use tuned filters with higher Q factors and thus smaller capacitors and reactors. 
The criteria to be met by the filters relate mainly to telephone interference from the DC 


line and must comply with the CCITT directives: 


e the induced voltage measured at subscribers’ sets, for safety reasons, should not normally 
exceed 60 volts rms; 


e the induced psophometric emf should not exceed 1 mV, if psophometric weightings are 
used for noise measurements; or 


e 20dB, of noise when using the C-message weighting. 


The performance requirements are normally assessed by the equivalent disturbing current, 
whereby all harmonic currents on the DC line are reduced to an 'equivalent disturbing 
current’ (1,,) at a single frequency, under the assumption that this current should cause the 
same interference effect on the telecom lines, i.e. 


Leg =o Uy Hy CoP (3.55) 


n=1 


where 
n = harmonic order: the upper limit usually considered ranges between 2.5 and 5 kHz 
C, — normalised weighting factors at harmonic n, referred to 800 Hz or 1000 Hz for the 
psophometric and C-message weights, respectively 
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H, = frequency-dependent factor, taking into account variations (if significant) of the mutual 
impedance among the HVDC line and the telecom lines, of shielding and telecom 
circuit balance. 


The assessment of interference levels requires detailed information on the harmonic 
voltage and current profiles along the HVDC line; electromagnetic induction from harmonic 
currents is normally the main problem. Moreover, since both ends of the link contribute to 
the disturbance, it is necessary to obtain the profiles from each end and add their effects. 


3.11 Frequency Cross-Modulation Across the LCC 


The mechanism of converter cross-modulation at harmonic and interharmonic frequencies is 
summarised in Figure 3.22. The presence of a harmonic at k times fundamental frequency 
on the DC side of a 12-pulse HVDC converter will produce, on the AC side, positive 
sequence harmonics of orders k+1, 134k, 25k, 12n+1+k (n=3, 4,...,) and 
negative sequence harmonics of orders k — 1, 114k, 234k, 12n— 1k (n=3, 4,...). 
These harmonic sequences are reflected back to the DC side as the kth harmonic and 
various high-order harmonics of 12+k, 24+k, 12n+k (n —3, 4,...). Among these 
harmonics, the most significant terms are the first-order kth harmonic on the DC side, and the 
positive sequence Kk + 1 and negative sequence k — | harmonics on the AC side. The higher 
harmonics are an order of magnitude smaller than the lower order harmonics. Therefore, for 
most analyses, particularly those with small distortion levels, it is reasonable to ignore the 
contribution from high-order harmonics. 

With the high-order harmonics ignored, the presence of a second-harmonic distortion 
on the DC side will result in a positive sequence third harmonic and a negative sequence 
fundamental frequency component on the AC side. 

The interaction mechanism described above can be extended to non-harmonic frequencies 
[12]. For instance, if there is a distortion near the fundamental frequency such as at 51 Hz on 
the DC side, the distortions on the AC side would be near the second harmonic (101 Hz) for 


a.c. side d.c. side 


Positive sequence harmonics 
k+1 


25tk 
12n+1tk,n=3,4,... k 
: 12Łk 
Negative sequence harmonics 24k 


k-1 
llk 
23tk 
12n- 1 tk, n = 3,4,... 


127 +k, n = 34,... 


Figure 3.22 Associated three-port harmonic orders 
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the positive sequence component and near DC (1 Hz) for the negative sequence component. 
As the frequency of the DC side distortion approaches fundamental frequency, the lower 
corresponding frequency component on the AC side, which is in the negative sequence 
format, will be approaching 0 Hz, i.e. approaching DC. 

If the DC side distortion is exactly at the fundamental frequency, the negative sequence 
component on the AC side is true DC, but with different levels in the three phases, which 
is customarily regarded as ‘unbalanced DC’ generated by the converter. However, the sum 
of the DC distortions in the three phases will be zero, and these distortions can be written 
mathematically in a negative sequence format as follows: 


I, = |Z| cos(0.t+6+0) 
I, = |Z| cos(0.t+6+ 120°) (3.56) 
I, = |I| cos(0.t+6+240) 


This form of distortion has been referred to as ‘negative sequence DC’ [13], a useful term 
in the analysis of converter transformer core saturation instability because the distortion 
on the converter DC side, related to this instability, is close to the fundamental frequency. 
Therefore, the significant harmonic distortions on the converter AC side concerning this 
instability are the positive sequence second harmonic and the negative sequence DC. The 
DC will tend to saturate the transformer core which may ultimately lead to an instability. 


3.12 Summary 


This chapter has described the structure and analysed the voltage and current waveforms of 
the basic three-phase static converter and its extension to the double bridge configuration that 
has become standard in HVDC transmission. In early designs the harmonic contribution from 
the static power converter was approximately assessed, under the assumption of specified 
terminal AC voltage and DC conditions. Such conditions, however, can change as a result of 
the interactions that exists between the converter and the AC and DC systems. Thus, special 
consideration has been given to the effect of these interactions on the converter waveforms. 

Extensive pre-design AC system measurements, computer simulation studies, and even a 
more rigorous approach including the effective contribution of the converter to the resonant 
frequencies, are now carried out to provide better designs and minimise the risk of harmonic 
instabilities. Therefore, after four decades of continuously improved designs, the present LCC- 
based HVDC converter has become a very robust and reliable transmission system component. 

Considerations of energy efficiency and operational reliability still make thyristor-based 
LCC, despite being the least flexible solution, the preferred option for large-power and 
long-distance DC transmission. The extent to which alternative self-commutating converters, 
both of the VSC and CSC types, is expected to match the proven performance and reliability 
of the LCC conventional solution constitutes the subject of the following chapters. 
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4 


Self-Commutating Conversion 


4.1 Introduction 


The main shortcomings of LCC, discussed in Chapter 3, are large reactive power 
requirements (both during rectification and inversion), injection of low-order harmonic 
currents, risk of inverter commutation failures and their dependence on reasonably strong 
AC systems to provide the commutating voltages. These problems can be eliminated in 
self-commutated conversion by the use of more advanced switching devices with turn-on 
and turn-off capability. 

The present self-commutating HVDC technology favours the use of IGBT-based VSC, 
combined with high-frequency sub-cycle switching carried out by PWM (the subject of 
Chapter 5). 

Although the IGBT switch can also be used in CSC, a diode is needed in series with the 
IGBT in this case to provide sufficient reverse voltage withstand capability and the extra 
diode increases the converter losses. 

Multi-level conversion (the subject of Chapters 6), unlike PWM, uses fundamental 
frequency switching and can, therefore, be designed with thyristor-type switching devices 
(such as the GTO and IGCT). In particular, the IGCT is an ideal switch for HVDC applica- 
tion due to its higher voltage and current ratings, high reverse voltage blocking capability 
(without the need for the series diode) and low snubber requirements. 

Most of this chapter is concerned with the basic structure and operating principles of 
self-commutating VSC. A brief description is also made of self-commutating CSC and of 
the concept of self-commutating reinjection conversion, a subject considered in greater detail 
in Chapter 7. 


4.2 Voltage Source Conversion 
4.2.1 VSC Operating Principles 


To simplify the description of the VSC operating principles, the converter valves are assumed 
lossless, the DC capacitors ripple negligible and the converter transformer lossless. The 
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V, 


ac 


Figure 4.1 Two-level single phase VSC (Reproduced by permission of CIGRE.) 


description is made here with reference to the two-level converter, where the AC terminals 
are switched in a bipolar way between two discrete voltage levels (+V; and —V,); the 
switching circuit for one phase and its corresponding voltage output are shown in Figure 4.1. 

It should be noted that the valve conducting periods are now 180°, whereas in the CSC 
case (described in Chapter 3) the width of the pulse was 120° and, therefore, the output 
phase (the current in that case) was +/,, 0 or —J,, i.e. the bridge AC phase current had 
three levels. 

In practice the high harmonic content of the two-level output waveform needs to be 
reduced by PWM. Alternatively, instead of two levels, VSC can use the variety of multi-level 
topologies described in Chapters 6 and 7. 

Since the conduction in solid-state switches is unidirectional, anti-parallel diodes are 
connected across them, to ensure that the bridge voltage has only one polarity, while the 
current can flow in both directions. In Figure 4.1 the midpoint of the capacitors is used as a 
reference for the AC output voltage. 

There are four possible current paths in a single phase two-level converter [1], as shown in 
Figure 4.2. When the upper switch is ON, the output voltage is +V,/2 and the current flows 
through the upper free-wheeling diode if the current is negative (Figure 4.2(a)) or through 
the upper switch if the current is positive (Figure 4.2(b)). When the lower switch is ON, the 
output voltage is — V,,/2 and the current flows through the lower switch (Figure 4.2(c)) if the 
current is negative or through the lower free-wheeling diode (Figure 4.2(d)) if the current is 


positive. 
(a) (b) (c) (d) 


Figure 4.2 Current paths in the single phase two-level VSC (CIGRE copyright) 
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When the two main switches are blocked, the anti-parallel diodes form an uncontrolled 
rectifier. In this condition the application of an external AC voltage charges the DC capaci- 
tors, via the uncontrolled rectifiers, to the peak value of the AC voltage across the upper and 
lower DC capacitor. Once the DC capacitor is charged and the external source connected, 
VSC can commence. 

The main switches can be turned on and off in any desired pattern; however, immediately 
before one switch is turned on, the opposite switch must be turned off, as their simultaneous 
conduction would create a short circuit of the DC capacitors. This causes a small blanking 
period (of a few microseconds) where none of the switches are ON and the current path is 
via the free-wheeling diodes. To explain this condition let us start at a point, after t = 0 in 
Figure 4.1, where the upper switch is ON and, thus, the AC terminal is connected to the plus 
terminal of the DC capacitors; this results in current flowing through the upper switch (as 
shown in Figure 4.2(b)). When the upper switch is turned off (at instant t, in Figure 4.1), 
the reactance of the AC circuit maintains the present current, thus the diode in parallel 
with the lower switch turns on (creating the conducting path shown in Figure 4.2(d)). As 
a result, the output voltage changes from plus to minus V,,/2, i.e. the polarity reversal has 
been initiated by turning off the upper switch. 

Thus there is no need to turn on the lower switch immediately following the turn-off 
of the upper one. When, after the blanking time the lower switch is turned on, this switch 
takes over the current when the current reverses its polarity (via the conducting path of 
Figure 4.2(c)); there is a delay dependent on the reactance of the transformer and phase 
reactor as well as the AC system voltage. 

A similar procedure, via the opposite switches and diodes, can be used to explain the 
transfer from the negative to positive output voltage waveform. This process applies to all 
VSC configurations irrespective of the fundamental power flow operating condition (i.e. in 
the four quadrants). Therefore at the fundamental frequency the VSC can be represented as 
a voltage phasor, with the magnitude and phase angle of the AC output voltage determined 
by the DC voltage and the firing pulse patterns. The power implications are discussed in the 
following section. 


Power transfer control 


If the VSC is connected to a passive network on the AC side, the power flows unidirectionally 
from the DC input side to the passive AC load. If the VSI is connected to an active AC 
system, the power can be made to flow in either direction by making the phase angle of 
the converter AC output voltage positive or negative with respect to that of the AC system 
voltage. 

The switches must block a unidirectional voltage but need to be able to conduct current 
in either direction if bidirectional power flow is required. 

Figure 4.3(a) shows the fundamental frequency phasor representation of the VSC operating 
as an inverter and supplying active and reactive power to the AC system. In this operating 
condition the diagram shows that the VSC output voltage (V,) has a larger amplitude and is 
phase advanced with respect to the AC system voltage (Vj). 

As described in the introductory chapter, the active and reactive power exchanges (P and 
Q) between two active sources are expressed as 
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P = (V, sin(8)/X)V, (4.1) 
Q = (V; cos(8) — V,)/X)V, (4.2) 


where ô is the phase angle and X the reactance between V, and V}. 

If the converter is used only as a reactive power compensator, then there is no need 
for an active DC system, and the converter is terminated by a DC capacitor. However, 
the capacitor size should be sufficient to permit the charge and discharge operations 
caused by the switching sequence of the converter valves without exceeding the specified 
ripple. 

Figure 4.3(b) illustrates the case when the VSC operates purely as a reactive power 
compensator, i.e. the converter (V;) and supply system (V,) voltages are in phase with each 
other. Thus, when they both have the same magnitude there is no exchange of reactive 
power between the converter and the system (i.e. the current is zero): when V, is larger than 
V, the current leads the voltage by 90°, i.e. the converter behaves as a capacitor and, thus, 
generates reactive power; when V, is smaller than V, the current lags the voltage by 90°, 
i.e. the converter behaves like an inductor and, thus, absorbs reactive power. 

In this mode of operation the VSC is analogous to an ideal rotating synchronous 
compensator (and is usually referred to as a STATCOM) [2]; however, the VSC has 
no inertia and its response is practically instantaneous. Thus the VSC acts as an AC 
voltage source, controlled to operate at the same frequency as the AC system to which it 
is connected. 
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Figure 4.3 Operating modes of the VSC: (a) phasor diagram when providing active and reactive 
power; (b) phasor diagram when operating as a reactive power controller 
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Figure 4.4 Voltage/current characteristics of a VSC operating as a STATCOM 


The voltage/current characteristics of the VSC operating as a STATCOM, shown in 
Figure 4.4, illustrate that this type of converter can provide full capacitive support for voltages 
down to approximately 0.15 per unit. This is a considerable advantage over conventional 
static VAR compensators, such as the thyristor-based static VAR compensator (SVC) (in 
which the maximum capacitive current capability at low voltage is very limited). 

If the converter is connected to an active DC system (e.g. to another converter as in the 
case of Figure 4.5) the AC current and voltage can have any phase relationship, and the 
converter can act as a rectifier or an inverter, and with leading or lagging reactive power 
(i.e. four-quadrant operation is possible as illustrated in Figure 4.6). Thus the VSC can 
be controlled to operate at any point within the circle of Figure 4.6, the radius of which 
represents the converter MVA rating. 

There are, of course, active and reactive power limits determined by the maximum 
allowable valve current and maximum allowable DC voltage respectively on the storage 
capacitor. For a given AC system voltage, the DC voltage rating is determined by the 
maximum AC output voltage that the converter must generate to provide the maximum 
required reactive power. 

The PQ characteristics depend on the AC converter voltage, and, therefore, the interface 
transformer ratio can be used to optimise them. Moreover, with the addition of an on-load 
tap-changer (OLTC), the transformer ratio can be continuously optimised to maximise the 
steady-state power capability of the converter. Also the OLTC can be used to minimise the 
power losses of the VSC transmission system. 
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Figure 4.5 Basic VSC interconnection 
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Figure 4.6 PQ diagram of VSC power transfer 


4.2.2 Converter Components 


As the name indicates, VSC power conversion implies the presence of a voltage source on 
the DC side. A voltage source maintains a prescribed voltage across its terminals irrespective 
of the magnitude or polarity of the current flowing through the source. 

The circuit diagram of Figure 4.7 [1] shows the basic components of a VSC substation, 
which consist of one or more converter units including the high-voltage valve chains, DC 
capacitors, reactors, transformers and filters, as well as (not shown) control, monitoring, 
protection and auxiliary equipment. 


DC capacitor 
In a VSC the DC side is strongly capacitive, and thus voltage stiff. In this respect, the DC 


capacitor serves the purpose of stabilising the DC voltage. Consequently the voltages are 
well defined and are normally considered independent of the converter operation. 
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Figure 4.7 Basic diagram of a VSC substation (Reproduced by permission of CIGRE.) 
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However, in practice, VSC operation produces some harmonic currents in the DC circuit. 
These currents, due to the presence of DC circuit impedance, give rise to corresponding 
harmonic voltages, and therefore DC voltage ripple. They also affect the ripple on the 
capacitors of other stations connected to the same DC system. The DC voltage ripple is 
mainly influenced by the following factors: 


e the VSC valve switching strategy; 
e the capacitance of the DC capacitor; 


e AC system imbalance and distortion. 


The size of the DC capacitor reduces with increasing switching frequencies, because every 
time the valves are switched the DC current in the capacitor changes direction, thus reducing 
the effective ripple. 


Coupling reactance 


The VSC is not directly connected to the AC supply when the latter is a strong system 
(i.e. has a large short-circuit capacity compared with the converter rating). In such a case, 
some coupling reactance is needed between the system busbar and the converter terminals. 
As well as reducing the fault current, this coupling reactance stabilises the AC current, 
helps to reduce the harmonic current content and enables the control of active and reactive 
power from the VSC. This component includes the inductance of the interface transformers 
and any extra phase reactor possibly added for these purposes. The interface reactors and 
transformers must withstand any high-frequency voltage stresses imposed by VSC operation. 
Thus, depending on the converter configuration, it may be economical to place a high- 
frequency blocking filter between the converter and the interface transformer. 


The high-voltage IGBT valve 


The switches constituting the valves of self-commutating converters are either turned off 
(i.e. non-conducting) or saturated (i.e. completely turned on, with only a small voltage drop 
across the switch). To withstand the very high voltage ratings of HVDC transmission, the 
converter valves comprise many series-connected IGBTs. For instance, the valves used in 
the original 150kV HVDC Light schemes had up to 300 series-connected IGBTs. The 
IGBT valve will in principle experience the same requirements as the thyristor valve of the 
conventional line-commutated HVDC converter (described in Section 8.2). 

A typical IGBT building block consists of a single switching device, snubber components 
and the gate drive. The gate board is equipped with overvoltage, undervoltage and overcurrent 
protection. High reliability is provided by mounting the IGBT on a separate heat sink, 
thermally decoupled from the snubber resistor. For diagnostic purposes the switches are 
connected by fibre optics to a pulse distribution board. 
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Good voltage sharing is critical to ensure that all the devices in series experience similar 
operating conditions. The use of snubber circuits reduces this problem but adds to the 
complexity of the valve and increases the power losses. It is possible to design the gate 
control of the IGBT valve to maintain acceptable voltage sharing without snubbers, provided 
that the spread in the devices’ characteristic switching times, switching transient behaviour 
and blocked state leakage currents are sufficiently small. 

Static voltage sharing is achieved by means of a parallel-connected resistor per IGBT 
module. The function of the resistor is to provide a leakage current which is dominant over 
the IGBT, thus forcing the voltage sharing by potential divider action. The resistor current is 
typically 10 times the IGBT leakage current, in order to swamp all the variations of leakage 
currents under different operating and temperature conditions. 

All IGBTs experience a variation of turn-on delay time with temperature, the nominal 
value varying from device to device. The rise time also causes significant variations in 
total turn-on time between individual devices in the series assembly. The slower the device 
performs at turn-on, the greater is its share of total valve voltage. 

The temperature, commutated current and fall time cause variations in turn-off delay time 
between the series-connected devices; the slower the device turn-off, the greater its share of 
the total voltage. 

For series-connected IGBTs, the use of a snubber capacitor improves the dynamic voltage 
sharing (i.e. the spread in turn-off delay), while a di/dt inductor helps the IGBTs to share 
the voltage (due to spread in turn-on delay time) and diode voltage sharing under reverse 
recovery condition. 

The addition of a small di/dt limiting inductor helps to reduce the turn-on losses. Although 
the contribution of the turn-off snubber capacitor to loss reduction is less significant, it is 
still justifiable. The snubber shifts the switching losses from the silicon to a low-cost passive 
component where it can be dissipated away from the IGBT or recovered into the supply 
or load. 

The number of series-connected IGBTs required to sustain the converter voltage rating 
must be increased to provide the VSC valve with redundancy to continue operating following 
the failure of individual devices. Also, for the valve to continue operating, a faulty IGBT 
must not create an open circuit, i.e. the faulty device must establish a short circuit and 
be capable of conducting current indefinitely, until the next scheduled maintenance period. 
This is achieved by means of specially developed packaging of IGBTs for use in VSC 
transmission, because the standard IGBT modules normally use bond wires that create an 
open circuit following failure. 

In contrast with the thyristor valves of LCC, the individual switches (GTOs, IGCTs or 
IGBTs) in VSC transmission schemes have to withstand high voltage for a substantial part of 
its operation time and, therefore, the probability of an incident particle initiating a destructive 
current avalanche during the blocking stage is greatly increased. 

In contrast with CSC transmission converters, which normally operate in stable conditions 
(i.e. the power changes occur at moderate rates), the higher controllability of VSCs puts 
heavier demands on their use as adaptive system controllers. 

As well as the rated current, the valves have to withstand peak current due to ripple and 
transient overcurrent levels and need to be provided with an additional protection margin; 
they also need to be capable of turning off the current following a short circuit close to the 
valve itself. The gate unit must maintain safe device operation during short-circuit conditions. 
The IGBT is better behaved in this respect. 
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The anti-parallel diodes 


The anti-parallel diodes in the VSC bridge constitute an uncontrolled bridge rectifier and, 
thus, unlike the IGBTs (which can be switched off in a few microseconds during transients), 
the diodes have to be designed to withstand the fault-created stresses. 

A DC short-circuit fault, as shown in Figure 4.8, creates a current path through the diodes 
and the fault current is limited only by the AC system and converter impedances. This fault 
current needs to be cleared by a circuit breaker on the AC side, which will require a few 
cycles to operate. 

The diode will also experience inrush current (as well as an overvoltage on the DC bus) 
if the VSC is energised by the circuit breaker under zero voltage on the DC side. This 
overvoltage must be limited by external components (such as pre-injection breaker resistors). 
Alternatively, the DC capacitor can be charged independently prior to converter energisation. 
In this case a DC blocking voltage will appear after the initial current surge. 


4.2.3 The Three-Phase VSC 


The basic configuration of a six-pulse VSC, shown in Figure 4.9, consists of a three-phase 
bridge connecting the AC source to a predominantly capacitive DC system. 


Circuit 
breaker 


Figure 4.8 A two-level VSC bridge with the IGBTs turned off 


-V,/2 


Figure 4.9 Three-phase full-wave bridge VSC (Reproduced by permission of CIGRE.) 
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The bridge valve unit is an asymmetric turn-off device (shown in Figure 4.9 as a GTO) 
with a reverse-connected diode in parallel. The turn-off device carries out the instantaneous 
inverter function, while the diode is needed to provide a path for the transfer of energy 
from the AC to the DC side (i.e. rectifier operation) to charge the capacitor. During each 
cycle there will be periods of rectification and inversion determined by the phase angle, and, 
therefore, the average current will determine the net power flow direction (i.e. rectification 
or inversion). If the converter operates as a rectifier with unity power factor, only the diodes 
conduct the current, whereas during inverter operation with unity power factor only the 
turn-off devices conduct. 

By appropriate control of the turn-on and turn-off switchings, a three-phase AC waveform 
is produced at the AC output. 

For fast transients the DC capacitor can be regarded as a perfect voltage source. Thus in 
the short time sequence in which the switching devices are controlled to interconnect the 
DC and AC terminals, the DC voltage remains practically constant and the VSC produces a 
quasi-square-wave AC voltage. 

The introductory material used in Chapter 3 to describe the operation of the line commu- 
tated three-phase CSC applies equally to the VSC process, which can be considered its dual. 
There are, however, two important differences between CSC and VSC. One is the duration 
of the valve conducting period, which in the case of the VSC is 180° instead of the 120° 
generally adopted for the CSC configuration. The 180° conduction is needed in the VSC 
case to avoid the condition in which both arms of the bridge leg are in the off-state; this 
condition would occur if a 120° period were used, which would cause uncertainty in the 
output voltage. The other important difference is the absence of commutation overlap, which 
makes VSC operation more predictable and easier to analyse. 

As for the line-commutated configuration, the valves in the circuit of Figure 4.9 are 
controlled to commutate only at the power system frequency. The time sequence of valve 
conduction is as described for the line-commutated CSC and displayed in Figure 3.2(a). 
However, instead of producing the rectified voltage waveforms R; Y;,B, (on the common 
cathode side) and B;R4,Y, (on the common anode side), the VSC configuration converts 
half of the DC voltage into 180° rectangular waveforms, both on the common cathode and 
common anode sides of the converter bridge. 

Figure 4.10 shows the following waveforms: 


e The phase voltages v,y, Upy, Vey With respect to the capacitor midpoint (not with respect 
to the transformer neutral, as these two points are not directly connected). 


e The line voltages on the converter side (i.e. Vap, Uses v). Again, as in the line-commutated 
case, the AC side has only three-phase conductors (i.e. the transformer neutral is floating) 
and, therefore, these voltage waveforms are of 120° duration. 


e The voltage of the floating neutral in the secondary of the star-connected transformer 
v,. With respect to the midpoint N. This potential is the sum of the instantaneous 
potentials of the three phases (v,y, vjy, Vey) and is a square AC waveform varying 
at three times the fundamental frequency, with a magnitude equal to one-sixth of the 
DC voltage. 


e The phase voltage v,,, across the star-connected transformer secondary. 


an 
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VaN Phase-to-DC midpoint voltage 


Vab = Van — UbN Phase-to-phase voltage 


Neutral voltage 


Phase-to-neutral voltage 


Figure 4.10 AC voltage waveforms of the VSC in Figure 4.9 (Reproduced by permission of CIGRE.) 


Analysis of the fundamental and harmonic voltage components 


Fourier analysis of the phase voltage waveforms v,y, vy, Vey Which, as shown in Figure 4.10, 
are rectangular waves of amplitude V;/2 (V, being the DC side voltage) and 180° width, 
provides the following time domain expressions for the three phases [2]: 


Vay = (4/7)(V,,/2)[cos(wt) — (1/3) cos(3or) + (1/5) cos(5ot) 

— (1/7) cos(@7t). . . J (4.3a) 
Upy = (4/7)(V,/2)[cos(ot — 27/3) — (1/3) cos 3(wt — 27/3) 

+ (1/5) cos 5(wt — 27/3) — (1/7) cos 7(wt — 27/3)... ] (4.3b) 
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vey = (4/77)(V,/2)[cos(wt + 27/3) — (1/3) cos 3(wt + 27/3) 
+ (1/5) cos 5(wt + 27/3) — (1/7) cos 7(wt + 277/3).. . | (4.3c) 


These three equations indicate the following sequences for the fundamental and harmonic 
frequency components: 


e The fundamental component is a symmetrical set of positive sequence. 


e The triplen harmonics are all of zero sequence (i.e. their values are the same in the three 
phases at all instants). 


e The fifth harmonic is of positive sequence. 


e The seventh harmonic is of negative sequence etc. 


Subtracting the neutral voltage v, from v,, (refer to Figure 4.10) gives the phase-to-neutral 
voltage (v,,,), i.e. 


Van = (2V,,/7)[cos(wt) + (1/5) cos(S@t) — (1/7) cos(7ot) — (1/11) cos(11o1)...] (4.4) 


which is a three-level voltage of magnitudes 0, V,,/3 and 2V,/3 and is free from triplen 
harmonics. It should be noted that v, and v,, are in phase. Voltages v,, and v,, are the 
same but phase shifted by 120° and 240° respectively from v,,,. The phase-to-phase voltage 
(vap) consists of two levels 0 and V}; its fundamental component is phase shifted by 30° 
with respect to v,,, and its amplitude is 4/3 times the v,,, amplitude. 

The time domain expression of the 120? phase-to-phase voltage is 


Vb = (24/3/) V, [cos(ct) — (1/5) cos(5ot) + (1/7) cos(7ot). . . ] (4.5) 


which shows that the triplen harmonics have now been eliminated. 
The total rms value of V,, is 0.816V,, and the fundamental component (V.) of the 
converter voltage is 


V, = (V 6/q)V, = 0.78V, (4.6) 


Thus in the stiff VSC the AC voltage output is a function of the DC voltage only and, 
therefore, to alter the former requires a corresponding change in the latter. This can be 
achieved by charging or discharging the DC capacitor either from a separate source or from 
the AC system. It will be shown in the following chapter that it is possible to vary the AC 
voltage without changing the DC voltage using PWM. 

The harmonic voltages are related to the fundamental frequency voltage by 


V, = V. /n (4.7) 
Thus the harmonic analysis of the VSC process is extremely simple as compared with that 


of LCC due to the practically instantaneous turn-off provided by the advanced switching 
devices. 
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Figure 4.11 DC waveforms of the VSC in Figure 4.9 (Reproduced by permission of CIGRE.) 


Figure 4.11 shows that the DC current waveforms of the VSC of Figure 4.9 are the same 
as the voltages of the six-pulse LCC if, in the latter case, the commutation overlap is ignored. 

Thus, following the same reasoning as in Section 3.4, the current waveform contains 
a direct component and a series of harmonics of orders n = 6k. The direct component is 
equal to 


I 3V2 ' cos(6) (4.8) 
T 

where / is the AC phase current rms and 6 the firing angle, which in self-commutation is also 

the power factor angle (thus replacing both the terms œ and $ used in LCC in Chapter 3). 

Current J, changes from +1.35/ to —1.35/ and vice versa as the firing angle changes from 

full rectification to full inversion. 

The ratio of the nth harmonic to the peak value of the instantaneous DC current (refer 
to Equations 3.29-3.30) will have a minimum value of ./2/(n? — 1), which occurs when 
the power factor is unity, and a maximum of ,/2n/(n? — 1), which occurs when the power 
factor is zero. 

All these equations show that the higher the value of n (the harmonic order), the lower the 
harmonic amplitude, which explains the importance of eliminating the low orders. However, 
as explained in Chapter 3, during unbalanced conditions the second-harmonic and other 
low-frequency orders reappear. 
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In the above development it is assumed that the AC is perfectly sinusoidal. In practice 
the phase currents will contain small contents of other harmonics that may be present in the 
AC system and converter voltage waveforms. 


The 12-pulse VSC configuration 


Similar to CSC LCC, the combination of two bridges with their AC voltage waveforms 
phase shifted by means of the star and delta interface transformer connections constitutes a 
12-pulse converter. The difference with respect to the CSC configuration is that in the VSC 
case the primaries of the two interface transformers must be connected in series, so that 
the individual bridge voltages are added at the output. The 12-pulse structure and voltage 
waveforms are illustrated in Figure 4.12. 
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Figure 4.12 The 12-pulse VSC: (a) circuit structure; (b) voltage waveforms 
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Multi-bridge conversion 


A possible option for HVDC application is the connection of several phase-shifted bridges 
in series on the DC side, to share the voltage ratings as well as reduce the harmonic content. 
This alternative to PWM only uses fundamental frequency switching and, thus, reduces the 
harmonic content with lower switching losses. For example, the use of four transformers in 
series with relative phase displacements of 15° giving rise to 24-pulse operation; similarly 
eight transformers having 7.5° phase shift will produce 48-pulse operation, etc. However, 
this will require the use of complicated zigzag connections. Alternatively, the multi-stepped 
waveform can be created by phase shifting the switching instants of the series-connected 
bridges with respect to each other. 

The magnetic-transformer-coupled multi-pulse VSC has been implemented in 18-pulse and 
48-pulse converters for battery energy storage and static condenser applications respectively 
[3, 4]. It must be understood that the nominal pulse number of the multi-bridge configuration 
can only be achieved under ideal conditions. In practice the individual harmonics cannot be 
completely cancelled, due to imperfections in the system components and asymmetry and 
distortion in the AC system voltage. However, their residual magnitudes will normally be 
acceptably small. 

The main disadvantage of this configuration is the multiplicity of transformers, each 
producing extra losses and requiring different levels of isolation from earth. This, added to 
the need for a balanced impedance between phases and windings, limits the practical number 
of windings to four. 


Harmonics penetration 


Since the VSC acts as a voltage harmonic source, some harmonic voltage will appear at the 
PCC (Point of Common Coupling) with other consumers. The voltage harmonic transfer at 
each frequency will be proportional to the ratio of the system impedance at that frequency 
to that of the VSC impedance at the same frequency; the VSC impedance will include the 
interface transformer, phase reactors and filters. 

The system impedance at some frequencies may be capacitive (due to the charging 
capacitance of transmission lines and cables, the presence of shunt capacitors, etc.), and 
may create series resonances. Thus comprehensive harmonic studies are required to deter- 
mine the frequency variation of the AC system impedance under different operating 
conditions. This procedure is no different from that used for LCC design, described 
in detail in [5], and should include the presence of already existing system harmonic 
content. 

When these studies indicate that the VSC contribution at the PCC exceeds the permissible 
level, harmonic filters will be needed following the recommendations of [6]. As the low-order 
harmonics will normally be suppressed by PWM or multi-level topologies, these filters will 
be tuned to higher frequencies and will, therefore, be cheaper and more compact. Moreover, 
the absence of low-order harmonic filters also eliminates the need for extra switchgear 
required to subdivide the filter branches following variations in the (LCC) reactive power 
requirements. 

The ability of the converter to compensate for any variations in the exchange of reactive 
power avoids the need for filter branches’ subdivisions and related switchgear. 
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Current and power components 


The AC current results from the difference between the AC system and converter voltages 
divided by the transformer and any extra interface impedance; to simplify the explanation 
it is assumed that this current is perfectly sinusoidal. By altering the turn-on and turn-off 
instants of the converter valves, the converter voltage can be made to lead or lag the system 
voltage and thus the current can be placed in any of the four quadrants. This implies four- 
quadrant power controllability, i.e. it permits rectification and inversion with absorption or 
generation of reactive power. The response is practically instantaneous as the VSC has no 
inertia. Of course bidirectional exchange of active power would require stored energy on 
the DC side, e.g. in the form of a large battery or superconducting magnet. If real power 
exchange is not required, the VSC behaves as an ideal synchronous compensator. In this 
case the VSC exchanges reactive power with the AC system by maintaining the rectangular 
output voltage waveform in phase with the power system voltage and varying its magnitude. 
In this mode of operation, as there is no real power exchange the active power on the AC 
side of the converter is equal to the DC side power [7], i.e. 

Vila = Vier V, sin(6)/(@L) = B,(V, 


ter 


V, sin(8)) (4.9) 


er 


where 
V, 


ter 


=the AC system voltage at the converter terminals (i.e. on the primary side of the 
converter transformer) 
V, = the converter AC side voltage 
ô = the phase angle difference between V,,, and V, (which can be altered by varying the 
position of the turn-on and turn-off switching instants) 
wL = the transformer reactance (with the winding resistance ignored) 
B, — the value of the susceptance across the transformer. 


Substituting Equation (4.6) in (4.9), the DC becomes 
6 
I, = (V 6/m) V, Sin(5)/(@L) = B, (2v. ia) (4.10) 


and since the capacitor voltage is proportional to the charge (or current) going into the 
capacitor, by making 6 positive (V,, leading V.) the capacitor voltage will increase. 
Similarly, when 6 is negative (V,, lagging V.) this will reduce V}. Moreover, in the 
steady state 6 will need to be slightly positive to supply the internal power losses in the 
converter. 


Power losses 


There are three contributors to the IGBT losses. First the on-state or conduction loss, which 
depends on the conducting resistance, the rms current through the device and the power 
factor. The other two contributors are the turn-on and turn-off losses, which depend on the 
current and voltage at each switching event, the switching frequency and the characteristics 


VOLTAGE SOURCE CONVERSION 113 


of the device during turn-on and turn-off. These three factors also apply to the diode part of 
the valve, although the latter experiences much lower turn-on loss, because it switches on 
as soon as a forward voltage appears. 

Some extra losses are produced in the gates, snubber circuits and leakage currents during 
the off-state. The power factor is normally different for rectifier and inverter operation; the 
highest conduction loss tends to occur during inverter operation for the IGBT and in rectifier 
operation for the diode. 

Because the IGBT switching losses are due to the simultaneous presence of high voltage 
and high current during much of the switching region, the switching processes should be 
completed as soon as possible, i.e. under the largest possible du/dt and di/dt conditions. 
However, the series connection of IGBTs requires moderate values of dv/dt per device. 
Moreover, due to the presence of stray inductance in the commutating circuit a high di/dt 
will produce an extra voltage (L di/dt) across the IGBT; it is therefore important to design 
the converter layout to keep the stray inductance as low as possible. 

A comparison of the power losses in two-level (operated at 1650 Hz) and three-level VSC 
topologies with the conventional LCC alternative, to maintain similar orders of waveform 
distortion, gives values of 3.5%, 2% and 0.8% respectively for the two-level, three-level and 
LCC solutions. 


Electromagnetic interference 


The VSC output waveform contains energy in the RF range and is, therefore, a source of 
electromagnetic interference (EMI). Although the radiated component is normally attenuated 
by the metal enclosure of the VSC housing, some of the EMI energy will be transmitted 
by conduction into the power lines and the noise level may be orders of magnitude higher 
than the radiated noise. This effect is illustrated in Figure 4.13 and contains a differential 
mode voltage (creating a current /,,,, flowing between the lines) and a common mode voltage 
(creating a current /,,, flowing from lines to ground). These two modes will have to be 
taken into account in the design of the high-frequency filter. The problem can be reduced 
by means of properly designed snubbers at the expense of some extra losses. 


Line 1 


Line 2 


Ground 


Stray capacitances 


Figure 4.13 Conducted interference of a VSC 
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4.3 Comparison of LCC and VSC 


The main differences between the conventional LCC and self-commutating VSC config- 
urations result from the fact that the latter do not require an AC voltage source for the 
commutations, and that these are practically instantaneous, whereas the duration of the 
commutations in LCC depends on the voltage source level and the commutation reactance 
(which is dominated by the converter transformer leakage reactance). Thus, even when the 
firing angle is 0°, LCC consumes reactive power, the amount of which can be as much as 
60 % of the active power in an HVDC converter. Moreover, the reactive power requirement 
in LCC varies with the amount of active power conversion and, therefore, the converter 
filters and VAR compensation structures need to be adjusted as the load varies. VSC, on 
the other hand, can provide any reactive power (sink or source) independently of the active 
power transfer. 

In LCC, as the active power transfer varies, the corresponding changes in the reac- 
tive power produce AC system voltage fluctuations. The AC voltage drops cause addi- 
tional reactive power consumption and further voltage reduction, which may lead to 
voltage instability. To prevent the instability a minimum short-circuit ratio (SCR), defined 
as the ratio between the short-circuit power and converter power ratings, is required, 
which can be typically 2. The VSC has no minimum SCR requirement, but the active 
power transfer is limited by the impedance of the AC system viewed from the converter 
AC terminal. 

Since each arm of the converter bridge switches only once per cycle, LCC needs filters 
for the 12-pulse related harmonics, the filter capacity being typically 20 to 30% of the 
converter rating. With the use of intercycle PWM switching, or multi-level configurations 
in the VSC schemes, the filter requirements are drastically reduced or even eliminated 
altogether. 

A short circuit on the inverter AC system side will cause commutation failures in the 
case of LCC, with temporary interruptions in the power transfer. VSC does not suffer 
from commutation failures and can continue to transfer active power under such condi- 
tion, the amount of power being limited only by the reduction of the AC voltage during 
the fault. 

An advantage of LCC is the response to DC system faults, due to the combination of 
smoothing reactors (which limit the current peak) and fast converter control (which quickly 
reduces the DC current to zero); a restart is possible within 100 to 300ms. With VSC 
the free-wheeling diode component of the valve devices will permit the fault current to 
continue indefinitely even when the IGBTs are blocked. Therefore the fault can only be 
cleared by circuit breaker action and this will involve large delays in restoring normal system 
operation. 

Another important advantage of LCC is a substantial reduction in power losses as 
compared with the VSC configurations, particularly those using PWM. 


4.4 Current Source Conversion 
CSC requires a large inductance on the DC side to make the DC current well defined and 


slow to change. The AC side voltage is then the variable directly controlled by the conversion 
process. Since the AC system has significant line or load inductance, line-to-line capacitors 
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must be placed on the AC side of the converter. The switches must block voltages of both 
polarities, but they are only required to conduct current in one direction. This naturally suits 
symmetrical devices of the thyristor type and, therefore, CSC constitutes the basis of the 
LCC process discussed in Chapter 3. 

As the switches in CSC only carry the current unidirectionally, there is no need for 
an anti-parallel diode. In the CSC configuration shown in Figure 4.14(a), the roles of the 
DC capacitor and AC inductance are interchanged (with respect to the VSC alternative). 
In VSC the DC capacitor facilitates the rapid transfer of current from the outgoing valve 
to its opposite in the same phase leg, irrespective of the direction of the AC current; the 
capacitor must therefore be large enough to handle alternate charging and discharging with 
little change in DC voltage. In the self-commutating CSC configurations, although the valves 
can also be turned off at will, they also require an alternate path, otherwise the current 
turn-off will have to dissipate a large amount of energy in an inductive circuit. Therefore 
AC capacitors need to be connected between the phases to facilitate the rapid transfer of 
current. 

The CSC injects AC current into the system or load with the necessary AC voltage behind 
to force the current injection; therefore, the DC source must be capable of driving such 
a current. 


(a) 


&[ 2 J 4 J 6] Ano bus current 


[2 | p^ 5 (b) 


Figure 4.14 CSC: (a) circuit diagram; (b) current waveforms 
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Similar to the VSC, the CSC is capable of operating with leading power factor. Also the 
self-commutation of the valves permits the converter to operate as an inverter into a passive, 
as well as an active, load or system. 

The introduction of self-commutation eliminates practically the main disadvantages of 
LCC described in Section 4.3 and makes the robust thyristor-based conversion an alternative 
worth considering for HVDC application. 


4.4.1 Analysis of the CSC Waveforms [2] 


The valve conduction sequence is the same as for the thyristor-based LCC process shown in 
Figures 3.6(c), (d) and (e), but without the commutation overlap. The three-phase injected 
currents are as shown in Figure 4.14(b). 

In the time domain the phase current is expressed by 


I = (1/7)2V31,[cos(wt) — (1/5) cos(Swt) + (1/7) cos(7ot). . . ] (4.11) 


The harmonic currents are of orders 6k+1 (for k= 1,2,...) and their rms values are 
obtained from the expression 


I, —(1/n)( 6/3), (4.12) 


n 


Thus the rms value of the fundamental component is 
I, = (V 6/3)1, = 0.781, (4.13) 


The harmonic voltage content on the DC side is obtained from the expressions of the LCC 
(Section 3.7) but in the absence of commutation overlap, i.e. with u = 0. 


4.5 The Reinjection Concept with Self-Commutation 


4.5.1 Application to VSC 


The reinjection principle has been described in Section 3.8.2 with reference to the line- 
commutated CSC (both for the single and double bridge configurations). When applied 
to VSC, the individual bridges need to be supplied, via the common or neutral point, by 
an appropriate voltage waveform derived from the DC voltage source and varying at six 
times the fundamental frequency. In the ideal case, the addition of the reinjection and main 
bridge voltages should produce a waveform that, when added to that of the second bridge, 
will achieve complete cancellation of the harmonic content at the converter system output 
terminals. 


The ideal reinjection waveform 


In Figure 4.15, the Sy, arm of the star-connected bridge is switched on at wt = 
...,0,27,47,... and arm Sy, at wt =...7,37,57,.... Similarly arm S,, of the 
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Injection point 


Figure 4.15 The two bridges of the 12-pulse VSC configuration 


delta-connected bridge is switched on at wt =... , 7/6, 1377/6, 2577/6,... and arm S,, at 
ot=...,77/6, 1977/6, 317/6,.... 

The secondary winding voltages of the two interface transformers on the bridge side are 
given by 


118 SELF-COMMUTATING CONVERSION 


( V, (wt) /3 0 < ot < 7/3 
2Vyy (wt) /3 7/3 < wt < 27/3 
Vy (wt) /3 27/3 < ot «T 


im —VWyy(0t)/3 T< ot <477/3 Md 
—2Vyy(wt)/3 47/3 < wt < 5m/3 
—Vy(wt)/3 57/3 -« ot «2r 
0 0 « ot < T/6 
Vy (ot) | 7/6 < wt < 57/6 

Vas (ot) = 10 57/6 < ot < 77/6 (4.15) 
Vy (ot) 77/6 < wt < 1177/6 
0 117/6 < ot «2T 


If the voltage across the bridges connected to the Y/Y and Y/A transformers are made 
equal to 


Vyy(ot) = Vpc + >> Ay, cos(6kor) (4.16) 
k=l 
Vya (wt) = Voc t+ >> Ay, cos(6kot) (4.17) 
k=l 
and considering that the harmonics of orders n = 6(2/—1)+1(/=1,2,...) cancel in a 


balanced 12-pulse converter, it can be shown [8] that the addition of the winding voltages 
on the primary side will produce a perfectly sinusoidal waveform if the following relation 
exists between the DC and AC components of the bridge voltages: 


is Ay, Vpc 
= £212,... 4.18 
(121+ 1)?—36k2 (12741)? VER 


k=1 


which consists of a set of linear algebraic equations and variables. 

In practice the harmonics of high orders, i.e. (127 -- 1) and above, can be ignored and 
the number of variables and equations reduces to 2m. For a sufficiently large value of the 
parameter m the values of V, can be approximated by the expressions 


Aw  2D(-1*- V3] __ 14.9282(—-1)* — 12.9282 


Ap le zd s uio 
t Mpe (2—V3)(36K2 — 1) 368 —1 (4.19) 
Ay, Ay _ 14.9282 — 12.9282(—1)! 
ae (yh Am Lada k=1,2,... (4.20) 
Mpa Mc 362 = 1 


Using the results derived from Equations (4.19) and (4.20), the normalised reinjection voltage 
waveforms to be applied to the star- and delta-connected bridges become 


Vy (x) = 1+ 3 A, cos(6kx) (4.21) 


k=1 
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Va (x) = 1+ Y (—1)* A, cos(6kx) (4.22) 


k=1 


These are shown in Figures 4.16(a) and (b) respectively, which always add to a DC level 
modulated by a small ripple (shown in Figure 4.16(c)). Figures 4.16(a) and (b) show that 
zero values appear at the points where the switches are turned on and off, which offers the 
possibility of achieving ZVS (Zero-Voltage Switching). The derivatives of the waveforms 
are limited, particularly around the zero values, and this ensures operation at low dv/dt. 
Figure 4.16(c) indicates that the two waveforms add to a DC level modulated by a small 
ripple. In practice, however, it is impractical to generate such ripple and some approximations 
to avoid it are considered next. 


Symmetrical reinjection approximations 


The reinjection waveforms in Figures 4.16(a) and (b) are symmetrical about the vertical axis 
but not about any of the crossing points of the waveform with its DC average (that is why 
their sum is not a constant DC). 

To avoid the need to provide a DC power source with controllable ripple, the reinjection 
waveform must be made fully symmetrical. There are two possible solutions: (i) using a 
waveform that minimises the integration of the error square and the error derivative square 
(ESEDS) and (ii) using a linearly rising and linearly falling waveform (of constant derivative). 

The ESEDS symmetrical waveform V,,(x) is obtained by solving the expression 


e n | (3) — V. GO + (19 = “uta m 


dx 


+f" i -Vsp + (25 ET a) | «| ad 


under the conditions of symmetry and area equality between the two groups of curves, i.e. 
Vy. (x) + VA, (x) 22 for 0 <x « 7/6 


and 


7/12 7/12 1/6 7/6 
f Vy(x)dx = | Vy (x)dx Í Vy,(x)dx = Vy (x)dx 
0 0 7/12 7/12 
(4.24) 


7/12 7/12 7/6 1/6 
Í Va (x)dx = f V, (x)dx / Va.(x)dx zi Va(x)dx 
0 0 7/12 7/12 


Based on the numerical results of the symmetrical waveforms Vy, and V,,, the Fourier 
components of the ESEDS waveform Vy,(x) are approximately given by 


| (1-443) — (—1)*] _ 13.9282[1 — (—1)*] 
k= (36k2 — 1) ~ 36k? — 1 


pog (4.25) 


Similarly V4. can be obtained by the application of a 30° phase displacement between them. 
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(a). X(x) The Ideal Reinjection Waveform for Y-Bridge 
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(b). X (x) The Ideal Reinjection Waveform forA-Bridge 
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(c). X)+X, 00) The Required DC Source for the Ideal Reinjection 
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Figure 4.16 The ideal reinjection waveforms 
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The spectrum of the linear symmetrical waveform is 


FN 4[1 — (-1)*] " 0.4053[1 — (— 1)*] 
k= pg? in k 


k=1,2,... (4.26) 


The maximum difference between the ESEDS and linear symmetrical waveforms is below 
2.5 96. Therefore, considering its simplicity of implementation, the linear waveform is the 
preferred approximation. 

The voltage waveforms of the linear approximation are shown in Figure 4.17, and the 
total harmonic distortion of the output voltage is 


is 1 = 1 
+ 
2 (12k — 1)* » (12k - 1)* 


58:59 
B 8x 12x81 


THD, = 


1 © 1.055 32 96 (4.27) 


The use of the ESEDS or linear symmetrical reinjection waveforms produces output wave- 
forms with under | % THD, without the need to modify the DC power source. However, to 
derive these waveforms from the DC voltage is still impractical. A practical approximation 
in the form of a multi-level reinjection waveform [8] is described in Chapter 7. 


4.5.2 Application to CSC 


CSC can be viewed as the dual of VSC: that is, current waveforms in CSC are dual to 
voltage waveforms in VSC. CSC requires switching devices of different characteristics 
from those of VSC. The latter requires asymmetrical switches (with unidirectional voltage 
blocking and bidirectional current capability), while CSC requires symmetrical switches 
(with bidirectional voltage blocking and unidirectional current capability). Thus the IGBT 
cannot by itself be used in CSC; a diode connected in series with the IGBT can solve the 
problem, but at the expense of considerable extra power losses. The symmetrical GTO and 
IGCT types are more appropriate switching devices, due to the relatively low switching 
frequency of the CSC. 

With reference to the 12-pulse CSC configuration, shown in Figure 4.18, the winding 
currents on the bridge side of the interface transformers are given by 


Iga (01)/3 0 « ot « 7/3 

215A (0t)/3 7/3 < wt < 27/3 
IgA (01)/3 27/3 < ot < T 
—Iga(@t)/3 T< wt < 47/3 
—2I pa (@t)/3 47/3 < wt < 57/3 
—Ip,(@t)/3 | 59/3 « wt <27 


L, (et) = (4.28) 
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Voltage Waveforms 12-pulse VSC with Linear Reinjection 
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Figure 4.17 Voltage waveforms of a 12-pulse VSC with multi-level linear reinjection 
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Figure 4.18 The two bridges of the 12-pulse CSC configuration 


0 0 < wt < 7/6 
Tpy(t) T/6 < wt < 57/6 
Iy, (et) = 40 57/6 < wt < 77/6 (4.29) 
—Ipy(wt) 77/6 < wt < 1017/6 
{0 117/6 < wt <27 


By comparing Equations (4.14) and (4.15) with (4.28) and (4.29), and using the duality 
relation between the VSC and CSC configurations, the results obtained for the VSC can 
be easily extended to CSC, i.e. the currents to be supplied to the star- and delta-connected 
bridges are 


Tpy (@t) = Inc +} Ay, cos(6kot) (4.30) 


k=1 
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Iga (et) = Ipc +} Aa, cos(6kor) (4.31) 


k=1 


The corresponding currents in the secondary windings Jy, (wf) and J,, (wt) only include 
harmonics of orders n = 6(2/—1)+1 (l= 1,2,...). Thus, as explained for the VSC 
configuration, the following relations must exist between the DC and AC components of the 
bridge currents for complete harmonic cancellation: 


V (—1)‘Ay Ipc 
= 1=1,2,... 4.32 
2 (12/1? — 36k? (12141) (4.32) 


Y Ipc 
= be 125605 4.33 
2 CEE 36k? — (12/41) (4.33) 


The resulting reinjection waveforms are also those shown in Figure 4.16, by changing the 
voltage for current terminology. 

The multi-level current reinjection implementation [9], discussed in Chapter 7, provides 
a practical approximation to the above current waveforms. 


4.6 Discussion 


The description and analysis carried out in this chapter illustrate the capability of self- 
commutating conversion to provide four-quadrant power transfer at the converter terminals. 
The basic output waveform, however, is not acceptable for direct connection to the AC 
power system. In the line-commutated conversion described in Chapter 3 the most economic 
solution to this problem is the provision of passive filters, which is, to a large extent, 
justified by the need to provide reactive power compensation. This is not the case with self- 
commutation and thus the use of passive filters is not cost effective. Instead, the harmonic 
content is reduced by high-frequency switching (a solution discussed in Chapter 5) or by the 
use of complex multi-level converter configurations (discussed in Chapters 6 and 7). 

VSC, currently the preferred option for HVDC application, has the following advantages: 


e The converter is internally protected from line voltage transients by the DC capacitor. 


e The voltage-source-type termination requirements of the converter are satisfied at the 
DC terminals by the presence of the DC capacitor; therefore no additional termination 
components, such as filters, are normally needed. 


e The converter generates voltage harmonics. Therefore the harmonic currents drawn from 
the AC system are a function of the transformer leakage inductance, which increases 
rapidly for higher frequencies, thus greatly reducing the higher order harmonic currents. 


The main disadvantages of the basic VSC solution are: 
e The three-phase bridge produces a rectangular voltage waveform. The combination of 


appropriately shifted individual bridges’ waveforms by means of multi-winding trans- 
formers is not practical here, because of the high circulating harmonic currents in those 
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windings. Therefore, a multi-pulse configuration requires the use of separate small trans- 
formers or of a magnetic structure (at low voltage) with a separate high-voltage interface 
transformer. This disadvantage does not apply to multi-level VSC configurations. 


e The converter must have fast output current limitation to avoid exceeding the capability 
of the semiconductor devices following system faults. 


e It is difficult to protect the converter against internal faults (which may even require the 
use of fuses). 


The CSC alternative also has some advantages, such as the following: 


e Better current control. The short-term overcurrent protection is inherent by the presence 
of the DC side inductor, while the long-term protection is achieved by the current control 
loop. Internal faults, however, may still require fast interruption. 


e The large power inductor, providing the DC bus energy storage, is simpler and more 
reliable than the large capacitor of the VSC. 


e It is better suited to higher power devices, such as the IGCT, which can block voltage 
in either direction but conduct current only in the forward direction. 


e Soft switching is easier to provide. 
On the negative side the CSC configurations have some disadvantages, such as the following: 


e Since the converter DC terminals are shunted by the smoothing reactor, the naturally 
current-source-type termination (which consists of system and transformer impedance) of 
the AC terminals must be compensated by an additional voltage-source-type termination, 
such as a capacitive AC filter across the AC terminals. 


e The losses of the smoothing reactor are high, compared with those of a VSC DC capacitor. 


e The switch voltages are poorly defined; most semiconductor switches tolerate transient 
overcurrent better than transient overvoltages. 
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Pulse Width Modulation 


5.1 Introduction 


A very flexible way of controlling the output voltage waveform of a VSC is the use of 
high-frequency switching of the essentially constant DC voltage [1-4]. The output wave- 
form is then averaged (filtered) to produce a specified fundamental component of control- 
lable magnitude as well as eliminate the low-frequency harmonics. This process is called 
pulse width modulation (PWM), since the desired fundamental and harmonic voltages are 
controlled by modulating the width of the voltage pulses. 

To achieve an acceptable attenuation of the high-frequency components, the switching 
frequency should be many times the fundamental frequency. This requirement, however, 
conflicts with the need for efficiency because of the extra energy loss imposed by the 
frequent switching. 

PWM was originally designed around the needs of inverter-fed AC drives, as these 
require fast and continuous control of the frequency and voltage magnitude. Although such 
high level of controllability is not required in power transmission, where the frequency 
and voltage magnitude are only permitted to vary within narrow limits, the PWM concept 
has so far been adopted as the basis of a more flexible HVDC technology. An additional 
benefit of the absence of passive filters for the low-order harmonics is the prevention of the 
converter/system harmonic interaction experienced by the line-commutated CSCs. 

This chapter describes the main PWM strategies available for the control of the funda- 
mental component and minimisation of the harmonic content of the converter output wave- 
form. 


5.2 PWM Operating Principles 


PWM provides an effective solution to the simultaneous control of the voltage (or current) 
and harmonic content of the power conversion process. With reference to VSC this is 
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achieved by high-frequency chopping of the square wave voltage output waveform produced 
by the basic conversion process. 

However, to be of practical use in power transmission the following two conditions must 
be met: 


1. The output waveform should be free from even harmonics, i.e. either the phase wave- 
forms possess half-cycle symmetry or any prevailing asymmetry is eliminated in the 
phase-to-phase voltages. Under this condition the phase-to-phase voltage will contain 
only odd-harmonic orders other than those multiples of three. 


2. The three-phase system should be symmetrical, i.e. the potentials of the three phases 
have the same waveform but displaced by 120° from each other. 


A critical factor in the choice of the modulation principle is the ratio of the modulation 
frequency to the output frequency 


P= ff 


This factor determines the harmonic spectrum for a certain degree of control and for a given 
modulation pattern. A sufficiently large value of this ratio will reduce all the low-order 
harmonics to be within the specified limits. However, a high-frequency ratio will cause high 
switching losses. Moreover, the achievable voltage-time area will be reduced and with it 
the fundamental component at full output voltage. 

Two other commonly used factors are: 


1. The control ratio y, defined as the ratio of the fundamental components of the modulated 
(Vi) and unmodulated (Vi(545) waveforms 


M 
Vito 


(5.1) 


2. The utilisation ratio, which is the measure of how well the modulation principle utilises 
the maximum available voltage-time area at full output voltage: 


Vimax) 


k= (5.2) 


V (OM) 


5.3 Selective Harmonic Cancellation 


To control the fundamental and harmonic voltages simultaneously, the phase potentials 
must be reversed a number of times during each half-cycle at predetermined angles of the 
square wave. 

Generally, at any fundamental switching frequency, each chop (or reversal) provides one 
degree of freedom, which permits either cancelling a harmonic component or controlling the 
magnitude of the fundamental voltage [2]. Thus for m chops per half-cycle one chop must be 
utilised to control the fundamental amplitude and so m — 1 degrees of freedom remain. The 
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m — 1 degrees of freedom may be utilised to eliminate completely m — 1 specified low-order 
harmonics or to minimise the total harmonic distortion. 

By way of example, Figure 5.1 shows three waveforms with a different number of voltage 
reversals. The notches are placed symmetrically about the centre line of the half-cycle. With 
the reversal angles shown (a, 65, 05, ..., a) the following rms value of the nth harmonic 
voltage results: 


V, = E - sin(na)da+ [ sin(na)da— f sin(na)da... +f sina 
= k d {[cos(na) —[cos(na) |? + [cos(no)] ... — [cos(na]” | 
= S (2 [cos(na,) — cos(no;) +cos(na3) 4- ---] — 1} (5:3) 


For instance, to control the fundamental component and eliminate the fifth and seventh 
harmonics will need three values of o, which can be determined from the equations 


TV, 
+ 1 = 2 [cos(&œ;) —cos(a,) + cos(a 5.4a 
Jav, [cos(a;) (a5) (a3)] (5.42) 
1 = 2[cos(5a,) — cos(5a5) + cos(5o5)] (5.4b) 
1 = 2[cos(7a,) — cos(7a,) + cos(7a;)] (5.4c) 
f 
Ug — + 
EN 
OQ, 05 
a O5 05 7 
+ + 
a a O5 a4 


Figure 5.1 Voltage reversals 
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The remaining harmonic orders, i.e. 11th, 13th, 17th, etc., can then be calculated from 


ya? 


= 
Tn 


V, 2 [cos(na,) — cos(na,) + cos(na;)]} (5.5) 


where a, o, œ, are the values obtained from Equations (5.4). 

The results of this analysis are plotted in Figure 5.2. 

At any fundamental frequency, elimination of the lower order harmonics from the phase 
waveforms will cause the portion of the rms which was provided by the eliminated harmonics 
to be spread over the remaining harmonic magnitudes. However, the integrating filter char- 
acteristic of the system impedance is more effective in reducing the current harmonics at 
higher orders. The complete elimination of selected low-order harmonics will increase the 
magnitudes of the first uncancelled harmonics. 

An alternative solution to selective harmonic cancellation is the minimisation of the total 
harmonic content, or of a range of selected harmonics [5-6]. These techniques, however, 
do not respond quickly to transient conditions, because the pulses do not occur at fixed 
intervals and closed-loop control is implemented cycle by cycle. More advanced closed-loop 
controls [7-9] are found in the literature. 
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Figure 5.2 Elimination of the 5th and 7th harmonics by means of voltage reversals 
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Another possible solution is the use of a hysteresis band modulator, which calculates the 
error between the specified output and the measured output; the state of the switches is then 
changed in response to the magnitude of the error. This closed-loop technique provides a 
faster transient response. However, the variable nature of the switching period produces a 
continuous spread of the output spectra which includes sub-harmonics and is thus impractical 
for low switching frequencies. 


5.4 Sinusoidal (Carrier-Based) PWM 


In this case the reversal instants, instead of being fixed, are determined by the intersections 
of a sinusoidal reference voltage of fundamental frequency and an amplitude (or modulation 
index) M, with a sawtooth modulating waveform of a (carrier) frequency pf (where p is 
the frequency ratio) [10]. The dominant harmonic of this alternative is that of order p. 

For low-frequency ratios, p should be an integer, to ensure that the two intersecting waves 
are synchronous, thus avoiding discontinuities and fluctuations. The basic method, illustrated 
in Figure 5.3, controls the line-to-line voltage from zero to full voltage by increasing the 
magnitude of the sawtooth or the sine-wave signal, with little regard to the harmonics 
generated; for instance, the output voltage waveform of Figure 5.3 contains even harmonics. 

Preferably, the carrier frequency should be an odd multiple of three (n = 3,9, 15,...). 
This alternative, shown in Figure 5.4(a), provides half- and quarter-wave symmetries, which 
eliminates the even harmonics from the carrier spectrum and allows symmetrical three-phase 
voltages to be generated from a three-phase sine wave set and one sawtooth waveform. 

For high values of p (i.e. over 20) the value of p can be increased continuously as the 
output frequency decreases. This means that the fixed triangular wave will be compared 
with a sinusoid of variable frequency and amplitude. 
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Figure 5.3 Principle of PVM 
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Figure 5.4 Sinusoidal PWM 


(a) 


A computer simulation of the harmonic content will first find the values of the intersecting 


points (0, 05, 04, . . . ) from the equations 


{2 —1 
M sin(a;) = (—1)' (Za -2i) for 1<i< a 
T 


(5.6) 


With those values the rms content of the harmonics can be calculated from Equation (5.3). 


PWM CARRIER-BASED IMPLEMENTATION 133 
The following comments apply when M < | and p is an odd integer greater than 6: 


e Even harmonics, odd harmonics of orders n « p — 2 and some higher harmonics are 
eliminated. 


e Harmonics of an order equal to p or in its neighbourhood, as well as the multiples of p, 
are amplified (Figure 5.4(b) shows these effects). 


e The ideal utilisation ratio is 


5.5 PWM Carrier-Based Implementation 


PWM, as described in the previous section, is amenable to natural sampling by analogue 
techniques. The triangular carrier for instance can be generated by integrating a square wave 
carrier clock. In this case naturally sampled PWM reacts instantly to changes in the input 
modulating commands and produces no distortion of the synthesised waveform. 

Carrier-based modulators can also be implemented digitally. In the digital implementation 
the required pulse width value is placed directly as a digital quantity into a counter, which is 
then clocked to generate the edge. An alternative approach is to make a digital comparison 
of the pulse width stored in a register with a free-running timer. In both of these alternatives 
the response can be substantially delayed when using low carrier frequencies. 

In carrier-based PWM the switching instants are decided cycle by cycle. The aim of the 
modulation is to ensure that the average value of each output pulse is proportional to the 
averaged value of the input signal over the switching period. This condition provides a 
linear, distortion-free transfer function. 

In the case of a constant input signal, the above condition is met by the intersection of 
a triangular carrier waveform with the input value. This is shown in Figure 5.5 for single 
trailing and double edge modulation. 


Figure 5.5 One switch cycle of carrier-based PWM with single trailing-edge modulation (on the 
left) and double edge modulation (on the right) 
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When the input signal is not constant during the switched period, and since the signal 
may not be known ahead of time, it will not be possible to meet the modulation condition. 
In this case a distortion-free transfer function is only possible if a delay is acceptable. 


5.5.1 Naturally Sampled PWM 


As already explained, in naturally sampled PWM the switching instants are generated by 
the intersection of the carrier and input waveforms and the sampling instants occur exactly 
at the same time as the output edges. 

For a constant modulation signal, as shown in Figure 5.6(a), a Fourier decomposition of 
the naturally sampled PWM voltage (V,,,,) waveform [11] leads to the following expression: 


m-oo 


snnm) T) 


Viat(@¢ E = k+ (2/ T) x cos(ma,t) 
zd eee (5.7) 


m=—oo 


where 0 < k < 1 and o, is the carrier frequency (in radians). 
In general, PWM may have some arbitrary phase displacement $, and Equation (5.7) is 
better expressed as a sum of complex exponentials: 
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Figure 5.6 Natural sampled PWM of pulse or carrier frequency: (a) for constant DC modulation 
k(0 < k < 1); (b) for fixed sinusoidal modulation, k = 1/2 + (M/2) cos(@f) 
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When the modulating waveform is a sinusoid (Figure 5.6(b)), i.e. 


1 k 
k= z + 2 cos(@, ft) 
where k, is the modulation depth (varying between 0 and 1) and o, the input signal frequency 
(in radians), the timings of the edges of the PWM waveform are themselves functions of 
time. In this case the Fourier description of a double edge, naturally sampled waveform 


of height stepping between O and 1 is expressed in terms of Bessel functions of the first 
kind [11] 


1 ky 
(w.t, 0,1) =5 7 cos(w1) 
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(5.9) 


In this equation the first term is the ideal output term (of frequency w,), the second the 
harmonics of the carrier frequency (m«,) and the last two the sidebands of the carrier and 
its harmonics (mo, X: no). 

Equation (5.9) can be simplified by combining terms and then generalised by expressing 
it as a sum of exponential terms, i.e. 


1 m=œ n-oo J, k T 2 . ; 
Vu (0t, t) = DR » i, sin [n+ na e Jnd, —mó,) o (no t+me,t) (5.10) 


where J, (x) is the nth order Bessel function. The first five Bessel functions Jo(x). . . J4(x) 
are plotted against x in Figure 5.7(a). 

In order to show more clearly the behaviour for small values of x (the usual situation 
for PWM) Figure 5.7(b) plots the results in logarithmic scale. As x > 0, Jo(x) — 1 and 
J,(x) > 0. 

For x > n the Bessel functions look like sine waves with their amplitudes decaying as 
x-!? [12]. For x < n they follow simple power laws, with an asymptotic form for 0 < x <n, 


V. (x) : E f >0 
x) ~ ——— | =x or n 
E T(n4- 1) \2 en 
1 1 n 
"xo for n > 0 and n an integer (5.11) 
n! 
These Bessel functions describe the amplitude of the carrier and sidebands (m= 1, 2,3, . . . ). 


They also define the magnitude, and thus attenuation, of the modulating signal (m —0, n= 1) 
and generation of harmonics of that signal (m = 0, n —3,5,7,...). 
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Figure 5.7 The first five Bessel functions of the first kind, J (x). . . J4(x) plotted versus x: (a) in 
normal scale; (b) in logarithmic scale 


With natural sampling the argument of the Bessel function is only a function of m. For 
m = 0, the Bessel function becomes J, (0), which is either one (n = 0) or zero (n 4 0). This 
means that the original modulating signal appears in the PWM output spectra unattenuated, 
undistorted and without phase delay, regardless of the frequency of modulation depth of that 
signal. The gain of the modulator/converter cascade is equal to the peak amplitude of the 
output waveform divided by the peak amplitude of the triangular carrier. 

In summary, naturally sampled PWM does not attenuate the synthesised fundamental 
component and does not produce distorting components that are multiples of the fundamental. 


5.5.2 Uniformly Sampled 


In uniform PWM the input signal is regularly sampled and held constant at the beginning 
of each switching cycle prior to being compared with the triangular carrier. This process is 
illustrated in Figure 5.8, which shows natural and uniform sampling; the latter introduces a 
delay of T,,,,/2 (on average), which causes a ‘sinc’-like frequency response 

Using the same analysis as for the natural sampling, the spectra of the uniformly sampled, 
double edge PWM voltage (V,,,;) is determined from the expression 


ni 


= : J,[x(m + no, /@,)7/2] 
Vinj(@et, wt) = 2 sin|(m-+n)7/2 
net.) = 2 0c De sind e/a ETN 
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In this case, the extra term (nw,/q@,) makes the argument of the Bessel function non-zero 
even when m= 0. The transfer function of the modulating input signal rolls off as the 
ratio f,/ f, increases; this is accompanied by a phase group delay of about one-half of the 
sampling period. 
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Figure 5.8 The process of natural (a) and uniform (b) sampling 


The digitally generated uniform PWM can achieve good consistent cancellation of the 
carrier terms. It does, however, attenuate the input signal and generates input signal 
harmonics. Moreover, odd harmonics of the fundamental modulating signal (nf,) are now 
present. This solution is thus only applicable to relatively low carrier frequencies. 


5.6 Modulation in Multi-Bridge Converters [13] 


Rather than increasing the frequency of the PWM pattern to reduce the harmonic content of 
the output voltage, a multi-bridge configuration can be subjected to a phase-shifted carrier. 
Considering n units, each carrier is shifted by T/n, where T is the period of the fundamental 
reference wave. Thus the voltage harmonic components of the individual units are shifted 
with respect to each other and can be designed to be cancelled when the outputs of the 
various bridges are added. 

Each bridge of a transformer-connected multi-bridge converter is modulated independently 
and the overall output can be described by the same equations presented in the earlier 
sections. Figure 5.9 illustrates the operating principle with reference to the four-bridge 
configuration. In Figure 5.9(a), the three sine waves of frequency f, intersect with four 
triangular carriers of frequency f, to produce 12 PWM waveforms. The four PWM control 
waveforms associated with phase A are shown in Figure 5.9(b) and the resultant five-level 
PWM waveform for this phase in Figure 5.9(c). Finally, when the latter is combined with 
the corresponding waveform in phase B (not shown), their difference produces a nine-level 
phase-to-phase waveform. 

The phase of the spectral components of the natural and uniformly sampled PWM 
implementations are nd, — m, and nd, — m$, — (m+nw,/w,)7/2 respectively. In both 
cases, however, the phase of the modulator signal term f, is not affected by changes 
in the carrier phase $, (since m = 0); therefore, the input signal frequency compo- 
nent will add regardless of the phase relationship of the carriers used for the individual 
bridges. 
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Figure 5.9 Five-level PWM waveforms: (a) triangular carriers and modulating wave; (b) individual 
PWM waveforms; (c) output voltage 


Changing the phase of the carrier signal affects the phase of the carrier terms and their 
sidebands (since m 4 0). However, choosing $,; for each modulator such that X; mó,; — 0 
causes all carriers and sideband terms of order m to sum to zero. Consider as an example the 
case of a three-phase, three-bridge, four-level converter. The phases of the triangular carriers 
of the individual phases are —277/3, 0 and 27/3, and thus the phasor sum of the harmonic 
terms will be zero for m = 1,2,4,5, 7, 8,.... Only the spectral components associated with 
m —0,3,6,... will appear in the PWM output, i.e. for a switching frequency of 450 Hz, 
the lowest carrier and sidebands are centred around 3 x 450 = 1350 Hz. 

The PWM control strategies can to a large extent be developed independently of 
the converter topology. Thus the results discussed in this section with reference to the 
transformer-summed multi-bridge converter are generally applicable to the multi-level 
configurations to be described in the next two chapters. 

A collection of plots of the spectra of a naturally sampled multi-level modulator for 
different ratios of the modulating and carrier frequencies are shown in Figure 5.10. These 
show that the amplitude of the harmonic terms in the natural PWM spectrum is independent 
of the pulse number. 

A reported high-power application uses 48 modules with 120 Hz carrier frequency to 
synthesise a 60 Hz sinusoid [14]. Despite the low pulse number (N — 2) used, the first 
uncancelled carrier appears at 48 x 120 — 5760 Hz. 


5.7 Summary 


From the operational viewpoint the use of PWM adds considerable flexibility to the VSC. 
The modulation process develops independent fundamental and harmonic frequency voltage 
control from a constant DC source; this in turn provides four-quadrant power controllability 
and avoids the use of low-order harmonic filters. 
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Figure 5.10 Spectra of a naturally sampled four-level converter for different input frequencies 
(M —0.9, f, =450Hz): (a) waterfall plot; (b) front elevation 


From the design viewpoint, however, the frequent and rapid switching of the AC bus 
voltage between two levels results in repetitive, high-frequency transient stresses, which 
affects the design of the VSC components and, unless appropriately filtered, will cause 
electromagnetic interference. Wound components are particularly vulnerable to repetitive, 
high-frequency transient stresses and the dielectrics of insulation materials cause premature 
ageing. 

Among the advantages of increased switching frequency are: simpler filtering arrange- 
ments, smaller DC ripple and smaller size of VSC stations. An additional benefit of PWM 
is that the size of the DC capacitor can be reduced. The size of the capacitor is decided to 
ensure that the voltage ripple is between 2 and 10 %. Every time the valves are switched the 
current direction in the DC capacitor changes direction and this effect reduces the voltage 
ripple. 

The main disadvantages are higher converter losses, reduced power capability for each 
device and increased voltage (dv/dt) stresses. 


140 PULSE WIDTH MODULATION 


The ability to control the transfer of active power as well as the terminal voltage has 
made VSC-PWM conversion (based on IGBT switching) attractive for HVDC transmission. 
The question is whether such level of flexibility is necessary and affordable. These matters 
are critical to the prospective acceptance of alternative self-commutating DC transmission 
technologies, and will be discussed in later chapters. 
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Multi-Level Conversion 


6.1 Introduction 


As explained in Chapter 2, the IGCT and press pack IGBT power switches are now suitable 
to form reliable high-voltage valves. The series-connected power switches can be fired 
synchronously or asynchronously. Synchronous control, the basis of the two-level schemes, 
causes static and dynamic voltage sharing problems as well as high dv/dt. 

Possible alternatives to two-level conversion for high-voltage applications are the multi- 
pulse and multi-level topologies. Increasing the pulse number has been traditionally achieved 
in CSC by the series or parallel connection of bridges, their respective voltage waveforms 
being phase shifted with respect to each other. 

Applying the multi-bridge concept to self-commutating VSC can also improve the 
converter output waveforms without the assistance of high-frequency switching; however, 
for high pulse conversion the increased number of converter transformers required makes 
this solution unattractive. 

A more effective alternative for high-voltage application is the multi-level concept with 
asynchronous firing control; this improves the dynamic voltage balancing of the valves, 
while the steady-state voltage sharing is achieved by means of clamping devices. 

As in the case of PWM, multi-level converters can vary the phase position of the converter 
fundamental frequency voltage with respect to the AC system voltage waveform; however, 
their effect on the magnitude of the fundamental frequency voltage is very different. In 
the PWM solution the magnitude of this voltage can be varied independently from the 
DC voltage, whereas in the multi-level alternative the voltage magnitude is fixed by the 
DC voltage. The main object of multi-level conversion is to generate a good high-voltage 
waveform by stepping through several intermediate voltage levels, i.e. the series-connected 
devices are switched sequentially producing an output waveform in steps. This eliminates 
the low-order harmonics and reduces the dv/dt rating of the valves by forcing them to switch 
against a fraction of the DC voltage. 

In principle, the main valves of multi-level converters are switched at the fundamental 
frequency, which eliminates the higher frequency components typical of PWM. However, 
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when the level number is low, the latter is still needed (though at lower switching frequencies) 
to reduce the harmonic content of the output waveform to meet the specified standards. On 
the other hand, the level number has to be limited due to the increasing structural converter 
complexity for higher numbers. 

The multi-level principles are discussed in this chapter with reference to VSC. Even 
though most of the HVDC projects use line-commutated CSC, the latter has so far not 
been considered cost effective in self-commutating HVDC conversion. However, VSC 
and CSC are dual topologies and thus the analysis carried out for the former can also 
be used in the latter by considering the converter output in terms of current instead of 
voltage. 

The following multi-level VSC topologies are discussed in this chapter: 


e diode-clamped circuit (DCC) 
e flying capacitor circuit (FCC) 
e cascaded H-bridge circuit (IHC). 


A more recent multi-level alternative, based on the reinjection concept described in 
Sections 3.8.2 and 4.5, is the subject of Chapter 7. 


6.2 Diode Clamping 
6.2.1 Three-Level Neutral Point Clamped VSC 


In the conventional two-level VSC, each phase leg of the three-phase converter consists 
of a switch pair (which for a high-voltage application requires a number of series- 
connected switches); the DC side capacitor is shared by the phase legs. The switch pairs 
are gated in a complementary (bipolar) way, such that the output is connected to either 
the positive or negative potential of the capacitor. The main drawbacks of this config- 
uration are static and dynamic voltage sharing problems (requiring complex balancing 
techniques) and the high dv/dt generated by the synchronous commutation of all the 
switches. 

These problems are substantially reduced in the three-level neutral point clamped (NPC) 
topology [1], where the converter unit AC terminals are switched between three discrete 
voltage levels. This scheme has the advantage of ‘effectively’ doubling the switching 
frequency as far as the output harmonics are concerned, compared with the bipolar voltage 
switching scheme. Also the output voltage steps are halved with respect to those of the two- 
level configuration. The three-phase unit, shown in Figure 6.1 for a GTO-based converter, 
has an extra terminal on the DC side connected to the centre point of the equally split DC 
source. The switching configuration has two sets of valves in series, with their intermediate 
point connected to the DC supply centre tap via extra diodes. For a given valve voltage 
rating, however, the total DC supply voltage is doubled so that the output voltage per valve 
remains the same as in the two-level configuration. 

The output phase-to-neutral and the phase-to-phase voltage waveforms are shown in 
Figure 6.2 with respect to the midpoint of the DC capacitor. The phase-to-neutral voltage 
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Figure 6.1 Diagram of a three-phase NPC converter 


consists of three levels: positive, negative and zero. The positive level is produced by 
switching on the two series-connected upper valves of the phase unit. Similarly, the negative 
level is produced by switching the two series-connected lower valves. The zero level is 
produced by switching the upper and lower middle valves, thus connecting the centre tap 
of the DC supply to the output via the two extra diodes. In the zero-voltage output region 
the current continues to flow via the upper middle GTO device and upper centre tap diode 
(when positive), or the lower middle GTO and the lower centre tap diode (when negative). 
This process, however, increases the flow of triplen harmonics ripple current through the 
midpoint of the DC supply. 

The frequency components of the phase-to-N (the capacitor neutral or midpoint) voltage 
are given by 


Un = zc sin) sin (wr+ =) — ; sin (=) sin (or =) + : sin (=) sin (wr+ =) —.. ] 


(6.1) 
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Figure 6.2 AC voltage waveforms for a three-level VSC 


and the rms value of the voltage harmonic of order n is 


V, — 


n 


MOVE n (>) (6.2) 


Tn 


The relative durations of the positive, negative and zero regions are a function of the control 
angle c, which defines the conduction interval of the top upper and the bottom lower 
valves. Therefore this parameter controls the magnitude of the fundamental rms component 
of the output voltage, which according to Equation (6.2) reaches a maximum of J2V, [T 
at o = 180° and becomes zero at o = 0°. Thus an important advantage of the three-level 
configuration is its capability to control the magnitude of the output voltage without changing 
the number of valve switchings per cycle. Another advantage is that, with judicious choice 
of the zero-voltage time (o in Figure 6.2), selected harmonic components of the output 
waveform can be eliminated. For example, for o equal to 30° the positive and negative 
intervals are 120° and 60° respectively and that means that the waveform is free of triplen 
harmonics. 

Figure 6.3 shows the variation of the fundamental and harmonic components of the output 
voltage (as a ratio of the maximum value) versus the pulse width. 

The operating advantages of this scheme are realised at the expense of some increase 
in the circuit complexity and a more rigorous control of the current transfers between 
the four valves, with constrained voltage overshoot. Another requirement is the need to 
accommodate the increased triplen harmonic content flowing through the midpoint of the 
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Figure 6.3 Fundamental and harmonic voltages for a three-level VSC (Reproduced by permission 
of CIGRE.) 


DC supply; thus some extra DC storage capacitors will be needed to reduce the fluctuation 
of the midpoint voltage. 

The three-level configuration reduces dv/dt across the valves during switchings, as well 
as the frequency requirements of the PWM control and, therefore, the switching losses. 
To illustrate this point, a comparison of converter losses (including both the valves and 
converter transformers), to achieve the same harmonic reduction, shows that the losses in 
the three-level converter are of the order of 2 %, those of a two-level converter 3.5 %, while 
the corresponding figure for the line-commutated converter is 0.8 %. 


6.2.2 Five-Level Diode-Clamped VSC 


Figure 6.4(a) shows a three-phase, five-level diode-clamped configuration, where the DC 
bus consists of four capacitors (C,, C}, C4, C4) and the voltage across each capacitor is 
nominally V,/4. Thus the voltage stress across each switching device is limited to V;/4 and 
this is achieved by the clamping diode. 

The output voltage waveform of the five-level pole is shown in Figure 6.4(b), with the 
capacitor midpoint used as a reference. 

Let us now consider one phase of the five-level configuration, shown in Figure 6.5 [2]. 
If the negative DC rail (instead of the capacitor midpoint) is used as a reference (i.e. zero 
voltage) the switching pattern shown in Table 6.1 (where the symbols ‘1’ and ‘0’ indicate 
on- and off-states respectively) is used to synthesise the five-level waveform across the 
phase ‘a’ leg: 


e turning on all the upper switches (S,,-S,4) produces V o = V,; 


e turning on three upper switches (S,.—S,4) and one lower switch (S’,) produces V, = 
3V,/4; 
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Figure 6.4 Diagram of a three-phase, five-level diode-clamped converter (a) and associated AC 
voltage (one-phase) waveform (b) 


e turning on two upper switches ($,,—5,,) and two lower switches (S’,—S’,) produces 
Vio = V4/2; 

e turning on one upper switch (S,,) and three lower switches (S’,—S’,) produces V, = 
Val 


e turning on all the lower switches (S’ ,—S’,) produces V, = 0. 
The same switching pattern applies across the phase ‘b’ leg (if a is replaced by b) but 


phase shifted by 180° for the single phase configuration (in the three-phase configuration the 
shifts between the phases will be 120°). Thus the voltage between the ‘a’ and ‘b’ terminals 
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Figure 6.5 A single phase diode-clamped five-level converter (Reproduced by permission of IEEE.) 


Table 6.1 Switching patterns of the five-level diode-clamped VSC 


Output Switch state 

Vio S, S S5 S, S, So Ss Sia 
V; = Voc 1 1 1 1 0 0 0 0 
V, = 0.75Vpc 0 1 1 1 1 0 0 0 
V4 = 0.50Vpc 0 0 1 1 1 1 0 0 
V, = 0.25Vpc 0 0 0 1 1 1 1 0 
V,=0 0 0 0 0 1 1 1 1 
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Figure 6.6 Capacitor charge profiles: (a) voltage and current in phase; (b) voltage and current out 
of phase by 90° 


(Vap = Vao — Vo») is as shown in Figure 6.6. It is clear from the figure that switch S,, conducts 
only for a small part of the half-cycle, while switch $,, conducts almost for the entire cycle; 
thus, if all the switches have the same rating, the outer switches will be oversized and the 
inner switches undersized. 

An important problem of this configuration is achieving capacitor voltage balancing, 
which is highly dependent on the displacement between the voltage and current funda- 
mental components (or, ignoring waveform distortion, the power factor) When the 
converter operates at zero power factor (i.e. as a VAR compensator) the capacitor volt- 
ages are balanced by the equal charge and discharge in each half-cycle, as shown in 
Figure 6.6(b). At the other extreme, when operating at unity power factor, Figure 6.6(a) 
shows that the charging (for rectifier operation) and discharging (for inverter oper- 
ation) times of the capacitors are different. Thus additional circuitry, such as an 
isolated supply for each of the levels, is needed to solve the capacitor balancing 
problems. 

Also, apart from the two outer switches, i.e. $, and $}, the rest are not directly clamped 
to the DC capacitors. Therefore, depending on the stray inductances of the structure, the 
indirectly clamped switches may be subjected to a larger proportion of the nominal blocking 
voltage during their off-state. Indirect clamping is also a problem in the diode structures, 
the blocking voltage of each diode depending on its position in the structure. This normally 
requires the use of more diodes in series; however, diversity in the diodes' switching 
characteristics as well as stray parameters call for large RC snubbers, which add to the cost 
and volume of the structure. 

Moreover, the three inner DC rails carry bidirectionally controlled current, which prevents 
the use of polarised turn-on snubbers, as the latter will worsen the static overvoltage problem 
of the inner devices. 

An alternative clamping diode structure, shown in Figure 6.7 [3], has been proposed to 
reduce the problem resulting from indirect clamping. In this alternative, as well as clamping 
the main switches, the clamping diodes also clamp themselves mutually. 
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Figure 6.7 Structure of the alternative five-level diode-clamped converter (Reproduced by permis- 
sion of IEEE.) 


6.2.3 Diode Clamping Generalisation 


In high-voltage source conversion the DC voltage has to be shared by a number of series- 
connected capacitors. Also the power converter valves require the use of switching devices 
in series to withstand the high voltage (which is much higher than the individual switch 
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voltage rating). There are, therefore, multiple intermediate nodes available to implement the 
multi-level conversion. 

An increase in the level number provides a corresponding reduction in the harmonic 
content. It also improves the steady-state and dynamic voltage balancing of the valves, 
because groups of switches are clamped to capacitors with equal voltage and, there- 
fore, the output voltage waveform is controlled to change level by level. The multi-level 
diode-clamped (MLDC) configuration is a generalisation [4] of the three-level neutral- 
clamped converter concept [1] described in Section 6.2.1. 

Figure 6.8 [5] shows one phase of the generalised (m-level) MLDC-VSC structure. In this 
case (m — 1) clamping units are needed with every clamping node, because the maximum 
blocking voltage across the clamping diodes is related to its position in the diode clamping 
network. In Figure 6.8 the clamping node with potential V; is connected by a group of diodes 
to the node between valves G,; and G,,;,,), and the maximum and minimum potentials are 
V; and V. Thus the maximum voltage across the path from the node at potential V; to the 
node between G,; and G,(,;) is V, ., — Vi = (m — 1 — i)V, where V; = V4./(m — 1); also, 
the maximum voltage across the path from the node at potential V; and the node between 
Gq and Gagan is Vi— Vy = iV, 

Thus the number of clamping diodes connected with every level node is (mm — 1), and 
the clamping path from the node at potential V; to the main upper switches is formed by 
(m — 1 — i) clamping diodes; similarly, the clamping path from the node at potential V, to the 
main down switches is formed by i clamping diodes. An m-level converter needs (m — 2) 
inner nodes to be clamped and, therefore, the total number of clamping diodes is given by 
the expression 


Ncp = (m — 1) (m —2) 


The required number of main switches is easier to determine. Since the output voltage u; 
in Figure 6.8 is varied from V, to V,,, ;, for an m-level converter, the maximum voltage 
across the path from the output terminal to the lowest level node is Vi, ,, — Vo = (m — 1)V;, 
and the maximum voltage across the path from the highest level node to the output terminal 
is also V, ,, — Vo = (m — 1)V;. The number of main switches is, therefore, 2(m — 1). 

In principle, the use of MLDC-VSC may be justified in high-voltage reactive power 
controllers (such as the STATCOM) that require many series-connected switches; it needs 
a relatively small DC capacitance, has low switch blocking voltages and low switching 
losses. However the application of MLDC conversion to high-voltage active power control 
(as required in HVDC transmission) is less attractive because of the difficulty of maintaining 
the individual capacitor voltages balanced, particularly for high-level numbers. 

Raising the level number beyond five is impractical because the number of clamping 
diodes required increases in proportion to the square of the level number, which makes 
the capacitor balancing system more complex, introduces unequal power ratings for the 
switching devices (causing design and maintenance difficulty), and makes it difficult to add 
redundant switches. 


Analysis of the waveforms [6] 


The MLDC waveforms are described here under ideal conditions, i.e. all the DC capacitances 
are of infinite size, the on-state switches' voltage drop is zero, their off-state impedance 
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Figure 6.8 One phase of a generalised MLDC-VSC 
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infinite and the free-wheeling diodes are ideal. Also the voltages across the capacitors are 
constant and of the same value (V, = V,/(m—1)). 
The Fourier components of the output voltage are given by the expression 


4V, (m—1)/2 
a= nam aD X COs (n9;) (6.3) 
i=l 
for odd-level numbers and 
AV, 1 (m/2)—1 
V, = ——— | =+ X cos(n0;) (6.4) 
nar (m — 1) ; = 


for even-level numbers, where %; is the ith switching angle, m the number of levels and n the 
harmonic order (which in the simulation results presented here is limited to the 49th order). 

The fundamental component and the individual harmonics of the phase voltage waveform, 
for a given number of levels, is calculated for the sets of switching angles which eliminate all 
possible low-order harmonics. There is no unique solution for the switching angles required 
to eliminate a given number of harmonics and, thus, the results shown relate to the switching 
set that gives minimum total harmonic distortion (THD). 

Using a transformer reactance of 15 96, Figure 6.9 shows the variation of the AC line 
current THD with the number of levels. The results are given in normalised form for 1 per 
unit leading current operation, which is the worst case in terms of harmonic performance 
and device utilisation. The study shows that from three to six levels there is significant 
improvement, their respective THDs being 11% and 2.5%. For 14 levels this figure is 
reduced to about 0.6 % and there is no significant reduction in the THD above 12 levels. 

The current waveform is also analysed assuming 1 per unit leading operation and quarter- 
wave symmetry (i.e. 0 < 3 < 7/2). 

In an interval (9; — 9; ,), where the converter phase voltage remains constant the following 
relationship applies: 


di 
f= 


Fe VV sin (wt) — v, (6.5) 


3 4 5 6 7 8 9 10 11 12 13 14 
Number of levels 


Figure 6.9 Total harmonic distortion in the AC line current 


DIODE CLAMPING 153 


where 

V = the rms value of the AC system voltage referred to the converter side 

v, — the instantaneous converter AC side voltage with respect to the AC neutral 
L — the transformer leakage inductance (per phase). 


Replacing the integration variable wt by 2 and using the terminal condition that the current 
is equal to zero at 0 = 7/2, the current becomes 


J/2V cos (9) + v, (0 — =) 
wL 


i(®) = (6.6) 


Figure 6.10 shows the nominal current waveform together with the corresponding voltage 
output for the five- and eight-level configurations. 


Capacitor voltage balancing 


The three-phase m-level converter has (m — 1) different DC side capacitors (C, — C,, ,), 
which are periodically charged and discharged to control the DC voltage and in turn the 
AC fundamental voltage component. Each capacitor charging current is controlled by the 
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Figure 6.10 Leading AC and normalised converter phase voltage: (a) for five levels; (b) for eight 
levels 
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Figure 6.11 Balancing of the individual capacitor voltages [8] (Reproduced by permission of IEEE.) 


switching strategy used and the AC side current. The voltage change in each capacitor results 
from the combined effect of the capacitor size and the charging current. 

In normal operation, with balanced converter voltages and currents, the size of each 
capacitor can be decided to ensure that the voltages across the different capacitors change 
equally when the total DC side voltage is adjusted [7]. 

Even in the three-level configuration the capacitor voltages can become unequal in the 
presence of unbalanced currents. However, capacitor imbalance is more of a problem for 
higher level numbers and operating conditions requiring power angles different from 90°. 
The cause of the problem has already been explained in Section 6.2.2 with reference to the 
five-level configuration. 

When the capacitors are not properly balanced, the voltage stress on the switching devices 
increases and the converter voltage waveform becomes more distorted. This condition can 
be avoided by using an adaptive control over the individual capacitor voltages, as shown 
in Figure 6.11 [8] for one of the capacitors. It can be achieved by generating an error 
signal when the individual capacitor voltage differs from its nominal share of the total 
DC voltage and this signal is used to phase-shift the related portion of the output voltage 
wave. 


6.3 Flying Capacitor Configuration [9-11] 
6.3.1 Three-Level Flying Capacitor 


Figure 6.12 shows the flying capacitor circuit (also known as floating capacitor or imbricated 
cell conversion), as well as the corresponding output voltage waveform. The latter is identical 
to that of the neutral point clamped converter shown in Figure 6.1. 

In the three-level flying capacitor solution, the additional voltage step is obtained by the 
use of a separate DC capacitor in each phase; this capacitor is pre-charged to one-half of 
the total DC voltage across the converter bridge. 
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Figure 6.12 Diagram of a three-phase, three-level flying capacitor converter and associated AC 
voltage (one-phase) waveform 


The converter valves switch the AC buses between the three voltage levels by directing 
the current path through the DC capacitors, adding to or subtracting from the voltages of the 
individual capacitors in any desired manner. The switches in each phase arm are arranged 
in two pairs, (A,, B,) and (A,, B,). Within each pair, the switches need to be always in 
complementary states. Thus to create the —Vp_ level of the phase output waveform switches 
A, and B, must be turned on; similarly switches A, and B, need to be turned on to produce 
the +Vpc level. The intermediate DC capacitor is bypassed for part of the fundamental 
frequency cycle. 

The total capacitor power rating is considerably larger for this topology than for the two- 
level or three-level neutral point clamped topologies. This is partly due to the need for extra 
separate capacitors in each phase and partly because the DC capacitors carry a significant 
ripple current. 


6.3.2 Multi-Level Flying Capacitor 


The three-level flying capacitor concept can be extended to provide any number of 
voltage levels, by adding further capacitors and subdividing the VSC valves. The size of 
the voltage increment between two capacitors defines the size of the voltage steps in the 
output voltage waveform. As an example, Figure 6.13 shows one arm of a five-level config- 
uration, as well as the output voltage waveform which is exactly the same as that of the 
five-level diode-clamped alternative of Figure 6.4. 

The valves switch the AC buses between the different voltage levels by directing the 
current path through the DC capacitors as explained for the three-level case. The flying 
capacitor has greater flexibility than the diode-clamped converter. It is possible to create the 
same output voltage using alternative connections of series capacitors allowing current to 
flow in the direction required for recharging. For instance, in Figure 6.13, the output voltage 
level V;., can be produced by: 
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Figure 6.13 Five-level flying-capacitor-type pole 


1. Turning on switches A,, B5, B4, By. 


2. Turning on switches A, and B, (thus connecting V,.; — V, to the load); this reverses 
the current flow through the V,., capacitor. 


3. Turning on switches A}, B,, B; (thus connecting V;4 — V. to the load). 


4. Turning on switches A,, B,, B, B, (thus connecting V, — V4 to the load). 

The required number of flying capacitors for an m-level, three-phase converter, provided 
that the voltage rating of each capacitor used is the same as that of the main power switches 
is given by 


3x2[1+2+... --(m-2)]-2(m-1) 


which for the case of m — 5 results in 44 capacitor units. 

Naturally, as the number of flying capacitors increases, so does the cost of equipment and 
the size of the converter station. However, compared with the three-level neutral point diode- 
clamped topology, the individual valves are switched approximately half the number of times 
in the five-level topology and the harmonic performance is still superior. Nevertheless, as 
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indicated earlier, the control of a multi-level topology is complicated and higher frequency 
is required to balance each capacitor voltage [2]. 


Three-phase configuration 


In the three-phase configuration shown in Figure 6.14 all capacitors have the same voltage 
rating and, thus, a series connection of capacitors is used to indicate the voltage level between 
the clamping points. The capacitors are directly connected to the output through the converter 
switches and the AC voltage waveform is very much the same as that produced by the diode 
clamping scheme. Thus, in general for an m-level converter, the phase voltage has m steps 
and the line voltage (for the single phase configuration), (2m — 1). For a three-phase unit, 
the main DC capacitors are shared by the three phases but the floating capacitors are not. 

However, capacitor voltage control through the switching pattern becomes complex as 
the output is extended to three phases. Besides the difficulty of balancing the voltage in real 
power conversion, this configuration requires large numbers of storage capacitors, their size 
being largely proportional to the square of their nominal voltages and inversely proportional 
to the switching frequency. If the voltage rating of each capacitor is the same as that of a 
main power switch, an m-level converter will require a total of (m — 1)(m — 2)/2 auxiliary 
capacitors per phase leg in addition to (m — 1) main DC bus capacitors. To balance the 
capacitors’ charge and discharge, it is possible to use two or more switch combinations for 
the middle voltage levels (i.e. 3V;/4, V,/2 and V,/4) in one or several fundamental cycles. 
Thus by appropriate selection of the switch combination, this configuration can be used for 
real power conversion; however, in this case the switch combination is rather complicated 
and the switching frequency needs to be higher than the fundamental frequency. 

As the load current passes through the clamping capacitors, the current rating of these 
capacitors is higher. 
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Figure 6.14 Three-phase flying capacitor multi-level configuration 
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Also, special complex pre-charging systems are required to maintain capacitor balance. On 
the other hand all the semiconductor switches have the same duty, which has a lower switch 
blocking voltage and offers the lowest (of the multi-level schemes) converter switching 
losses. 


6.4 Cascaded H-Bridge Configuration 


The basic building block of the H-bridge configuration, shown in Figure 6.15, is a single 
phase full bridge link consisting of four switches, S,, S5, S3, S4, connected to an isolated 
capacitor. The H-link can generate three voltage levels, i.e. +Vpc, 0, —Vpc. Turning on S, 
and S, gives —Vpc, turning on S, and S, gives +Vpc and bypassing the cell (via S}, S, or 
$4, S4) gives zero voltage. 

Several links connected in series (cascaded) constitute a phase of the converter, and 
the phase output voltage waveform is the sum of the voltages of the activated links. For 
instance, Figure 6.16 shows the development of the phase voltage waveform for a chain 
of four links. The latter is synthesised by the sum of the individual link voltages (v,, = 
V + v + v, + v4), with an appropriate selection of their conducting periods and contains 
nine steps [12]. Thus in general an m-level converter will require the use of (m — 1)/2 
H-links per phase. The complete structure of the three-phase configuration is shown in 
Figure 6.17. 

The stepped waveform appears to be similar to that of the current waveform in a conven- 
tional multi-bridge CSC described in Chapter 3. However, while the latter consists of a 
series of pulses of varying height but equidistant in time, in the H-bridge VSC the pulses 
are of equal height and the intervals between switching instants vary. 

The successive switching angles of the H-circuit may be controlled to minimise the total 
harmonic content or to eliminate several specific harmonics; in the latter case the H-chain can 
be controlled to eliminate N harmonics per phase, which for the three-phase configuration 
provides approximately 6N-pulse operation. 

When used for AC-DC or DC-AC power conversion the H-bridge configuration needs 
separate DC sources. This requirement suits some applications like the system connection 
from renewable energy sources such as fuel cells and photovoltaics. 

The H-bridge configuration has considerable merit for applications where no real power 
transfer is involved, such as active filtering and reactive power compensation. In this case, 


Figure 6.15 One link of the H-bridge configuration 
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Figure 6.16 Waveforms of the five-level H-bridge converter (Reproduced by permission of IEEE.) 


as the phase current Iç, is leading or lagging the phase voltage vc,, by 90°, the average 
charge to each DC capacitor during each half-cycle is zero, i.e. 


T —6; 
/ VI cos 0d0 = 0 (6.7) 
6j 


where i = 1, 2, 3, 4; [0;, (7r — 0;)] represents the time interval during which the DC capacitor 
connects to the AC side and J is the rms value of the line current. As a result of the 
symmetrical charge flow, the voltages in all the DC capacitors remain balanced. 

The H-configuration provides a well-defined operating environment for the power semi- 
conductors, within a substantially isolated single phase bridge circuit. Its single phase 
converter structure can provide single phase compensation, an important requirement in 
applications like arc furnace reactive power compensation. 

If a module fails (as a result of a short circuit) or is removed from service the converter 
can continue to operate at a correspondingly reduced voltage rating. 

Under various system conditions the DC capacitor voltages can become unbalanced. This 
problem is solved by adaptive control action. Provision is made to exchange energy between 
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Figure 6.17 A three-phase star-connected H-bridge converter 


the capacitors by means of dual IGBT inverters at each link [13]; these are connected 
to an auxiliary coupling bus via a power isolating transformer (APIT). The inverter/AIPT 
combination operates at a frequency of 7.5 kHz. 

During startup, shutdown and system disturbances the links require an independent supply 
of energy. A ground-level power supply (GLPS) is used for this purpose. The GLPS also 
provides energy for pre-charging the DC capacitors. 

In its present form, however, cascaded H-bridge conversion is not suitable for HVDC 
application, because the H-bridge high-voltage conversion process requires the use of 
many isolated DC sources in series. An interesting recent proposal is the use of a 
cascaded H-bridge as the basis for multi-level voltage reinjection, a subject discussed in 
Chapter 7. 
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6.5 Combined PWM/Multi-Level Conversion 


Given the complexity of the multi-level configurations as the level number increases, the 
use of high-level numbers is unlikely to be accepted. However, the exclusive use of three 
levels is not sufficient to satisfy harmonic standards and needs to be complemented by PWM 
control. 

The modulation strategies of multi-level converters can be developed independently of 
the type of topology used. Thus the multi-level PWM waveform results from the summation 
of individual two-level PWM waveforms. By appropriate phase shifting of the individual 
two-level waveforms, the amplitude of the voltage steps and hence the amplitude of the 
harmonic switching frequency terms are reduced in proportion to the number of switch pairs 
per phase, i.e. to the number of two-level waveforms. Moreover, the output PWM waveform 
also switches at a frequency which is the sum of the individual two-level switch frequencies. 
Thus the corresponding multi-level spectra only contain terms at multiples of the aggregate 
switch frequency. 

From the above reasoning, the techniques described in Chapter 5 (i.e. selective harmonic 
elimination, hysteretic and carrier-based PWM), and their extension to multi-bridge 
converters (Section 5.7), are equally applicable to the multi-level topologies. 

With reference to Figure 6.1, the outer switches of the bridge, i.e. S11, S14, S51, $54, $31, S34, 
can be subjected to PWM control, while the inner switches, i.e. $55, $5, S22, $54, $55, 533, 
are used to clamp the output terminal potentials in the off-periods of the PWM control to 
the neutral point potential via the D,,—D,, diodes. Figure 6.18 shows the output voltage 
waveform required to eliminate the fifth and seventh harmonics by the NPC-PWM converter. 
As this wave has quarter-wave symmetry, the Fourier components contain only the cosine 
terms, i.e. 


4V, [ p es 
Ce p cos(nd)d6+ f cos(nð)að 
NT 0 az 
AV, ; ; 
= —[sin(na,) — sin(na,)+sin(na;)| (6.8) 
nT 


If the fundamental component is expressed as v, = V„cos(wt), the following simultaneous 
equations need to be solved to find the values of a, 05, o4 that eliminate the fifth and 


seventh harmonics: 
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Figure 6.18 Elimination of the fifth and seventh harmonics from the phase voltage 
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Va 


2 sin(a,) — sin(as)  sin(as)] = V, 


sin(5a) — sin(5o5) + sin(5o5) = 0 (6.9) 
sin(7a) — sin(7@,) + sin(7a,) = 0 


The maximum value of V,, that satisfies these equations is 1.19V,. 

The harmonics resulting from the NPC-PWM (Figure 6.19) show that the 11th and 13th 
harmonics are considerably reduced. 

The use of three different PWM combinations of the multi-level carrier signalis analyzed and 
compared in [14]. These are APO (shown in Figure 6.20(a)), where all carriers are alternatively 
in opposition to each other; PO (shown in Figure 6.20(b)), where the carriers above the zero 
reference are in phase with each other, but in opposition to those below the reference line; PH 
(shown in Figure 6.20(c)), where all the carriers are in phase with each other. 

The parameters of the modulation process used in [14] are: 


p=f./f,,,. the ratio of carrier to modulation frequency 

M = A,,/(N'A,), the modulation index, where A,, and A, are the amplitudes of the modu- 
lation and carrier signals respectively 

N = the level number of the output phase voltage and N' = (N — 1)/2 

œ =the phase angle displacement between the sinusoidal reference and the first positive 
triangular carrier signal. 
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Figure 6.19 Amplitudes of the fundamental, 11th and 13th harmonics in the NPC-PWM inverter 
(with constant V/f control) 
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Figure 6.20 Three carrier combinations: (a) APO; (b) PO; (c) PH (for M = 1, P=15 and 
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The comparison shows that when p is high there is practically no difference between the three 
alternatives, because all the harmonics are shifted to the high-frequency range, where they 
are easily filtered. For low values of p, the PH combination results in a large value of the 
component of order p, but reduces the values of the remaining orders. However, in a three- 
phase system the p-order harmonic component can be made to be of zero sequence and thus 
be eliminated from the output; under these conditions the PH combination is generally the 
most satisfactory solution for large-power applications, where the carrier frequency needs to 
be kept low to reduce the switching losses. 


6.6 Relative Merits of the Multi-Level Alternatives 


Multi-level conversion involves considerably more hardware than the two- and three-level 
topologies and increases the station size. On the other hand, the valve design is simpler and 
the stresses lower, because for the same switching frequency each valve (in the nth-level 
circuit) is only switched 1/(n — 1) times and at 1/(n — 1) times the voltage; therefore the 
switching losses are lower than for a three-level converter. However, the valve stresses 
are also affected by inductance in the commutation loop, which increases with the level 
number; thus for high-level numbers it may be necessary to increase the value of the snubber 
capacitances, which will in turn increase the switching losses. 

At the time of writing, only the three-level diode-clamped VSC topology, comple- 
mented by PWM, has been used in HVDC transmission. The main factors affecting 
the potential application of the multi-level configurations to HVDC transmission are as 
follows. 


Diode clamped VSC 


The main advantage of multi-level clamping is a considerable reduction in switching 
losses and its ability to control the harmonic content. The converter can act as a 
sink or generator of reactive power, but in the case of a DC link this cannot be 
achieved at both ends with complete independence from each other. Other negative 
issues are the large number of clamping diodes required (almost proportional to the 
square of the level number), the difficulty of maintaining the balance of DC capacitors 
when the power angle is not exactly equal to +90°, the unequal power rating of the 
power switches and the complexity involved in providing redundant switches to increase 
reliability. 

It is, thus, unlikely that this configuration will play an important part in future HVDC 
transmission. 


Capacitor-clamped VSC 


Capacitor clamping shares the main advantages of the diode clamping alternative. It has 
some flexibility in the choice of switching combinations and, therefore, more control of 
the clamping capacitor current, thus keeping the clamping capacitor voltage at the required 
level. 
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However, the number of clamping capacitors required is almost proportional to the square 
of the level number, the current rating of the clamping capacitors is high (as they have to 
carry the load current), and when the converter is used to control the active power, the control 
strategies to maintain the capacitor voltages at the required level are very complicated. 

Again, this configuration, although effective in the drives industry, is unlikely to find 
strong support for HVDC application. 


Cascaded H-bridge VSC 


The number of cells required to generate the multi-level waveform is reduced by the three- 
level output of the individual cells. Also, the use of a modular cell simplifies maintenance 
and reduces manufacturing costs. 

However, the number of isolated DC voltage sources (cells) needed is high and thus, in 
its present form, this alternative is not suitable for HVDC transmission. 


6.6.1 A Cost Comparison of Alternative Configurations for Use in 
HVDC 


This section describes a test study carried out [15] on the multi-level alternatives for possible 
use in HVDC transmission. The scheme ratings for the comparison were 300 MW, 150kV, 
which at the time of the study represented the limit of the market for VSC power transmission 
technology. 

Preliminary considerations, both practical and economical, led to the exclusion of multi- 
level topologies with more than four levels for the 300 MW power rating. The alternative 
configurations considered were two-level, three-level diode-clamped and four-level floating 
capacitor converters. The switching frequencies for each of the three converter models used 
in the study were selected to achieve a harmonic performance equivalent to that of a two- 
level converter switching at 1050 Hz. This frequency was chosen as a compromise between 
two limiting factors. At higher switching frequencies, the switching losses become more 
significant, whereas converters operating at low frequencies require the use of larger, more 
expensive DC capacitors and AC filters. For each topology the issues analysed were the 
capital costs, capitalised losses, DC capacitor volume, commutation inductances and the 
footprint of the converter station. 

Using as a reference the costs of the two-level converter (defined as one per unit), 
Figure 6.21 shows the cost comparison of the three alternative schemes. The different duties 
of the semiconductor devices in the three topologies have been taken into account in the 
evaluation of the total capital cost. In the two- and three-level topologies the higher switching 
losses associated with the higher switching frequency for each device reduce the current 
capability of the semiconductor, thus requiring higher rated devices. Despite this fact, the 
figure shows that the two-level converter requires lower capital cost than the other two 
alternatives. 

However, the capitalisation (at 3000 euros/kW) of the switching power losses makes the 
two-level scheme the most costly of the three. In fact capitalisation of losses makes the 
four-level floating capacitor the most economical solution. However, if the value placed on 
the loss capitalisation is reduced to 1000 euros/kW the three topologies yield practically the 
same total cost. 
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Figure 6.21 Comparison of system cost (Anderson, B.R., Xu, L., Horton, P.J. and Cartwright, 
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permission of the IET.) 


12— 


DC capacitor volume (pu) 
ON 
| 


three-level four-level 


two-level diode-clamped floating capacitor 


Figure 6.22 Comparison of DC capacitor volume (Anderson, B.R., Xu, L., Horton, P.J. and 
Cartwright, P. (2002), ‘Topologies for VSC Transmission’, Power Engineering Journal, June, repro- 
duced by permission of the IET.) 


Figure 6.22 shows the DC capacitor volume required to limit the voltage ripple 
to 5%. Clearly the four-level floating capacitor converter requires considerably higher 
DC capacitor volume, mainly due to the additional floating capacitors, plus the 
fact that the lower switching frequency used in this case needs larger capacitance 
values. 

The commutation loop stray inductance affects the snubber capacitance requirement, 
which in turn increases the switching loss. However, the multi-level configurations do not 
seem to show a significant increase in this parameter (particularly in the case of the three- 
level diode-clamped scheme); this is probably due to the use of many parallel-connected 
capacitor units. 
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Multi-Level DC Reinjection 


7.1 Introduction 


In Chapter 3 (Section 3.8.2) a new concept, referred to as DC reinjection, has been described 
to reduce the harmonic content of the AC and DC voltage waveforms of line-commutated 
CSCs. The basic principle is the addition of a current waveform, derived from the DC side 
current, to the rectangular current of the converter bridges. 

This concept has been extended in Chapter 4 (Section 4.4) to self-commutating conver- 
sion (both of the current and voltage source types), where either IGCT or IGBT switching 
devices are used to generate the reinjection waveform without the need for line-commutated 
conversion. The ideal reinjection waveform has been approximated by a symmetrical 
linearly increasing and decreasing AC component varying at six times the fundamental 
frequency. 

However, the ideal reinjection waveforms required for complete harmonic cancellation, 
or even its symmetrical triangular approximation, are very difficult to generate from the 
constant DC source. A more practical solution is to replace the symmetrical triangular 
waveform by a symmetrical multi-step approximation, which can be easily derived from 
the DC voltage or current source. It is shown in this chapter that the stepped reinjection 
waveform provides adequate harmonic cancellation and creates a soft-switching condition 
during the valve commutations. 

The first part of the chapter describes the self-commutating MLVR (Multi-Level Voltage 
Reinjection) concept and three possible ways of implementing it. These are referred to as 
clamp-controlled, transformer-coupled and cascaded H-bridge reinjection. The second part 
of the chapter describes the implementation of the reinjection concept in current source 
self-commutating conversion. In this case the reinjection circuit is a stepped current (instead 
of voltage) waveform also varying at six times the fundamental frequency. 

A common feature of all multi-level reinjection configurations is the ability to achieve soft 
switching, in the form of zero-voltage switching (ZVS) (in VSC) or zero-current switching 
(ZCS) (in CSC) and, therefore, this property is discussed first. 
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7.2 Soft Switching in Multi-Level Reinjection Converters 


Soft switching has been a popular development in power electronics due to its potential to 
enhance the performance and reduce the switching losses. It has been successfully applied 
for over two decades in the power range of up to 100 kW. The implementation has mainly 
taken the form of resonant and quasi-resonant circuits designed to provide a ZVS condition. 
Such an approach reduces di/dt in the switching device that is turning on and dv/dt across 
the device that is turning off. 

The resonant soft-switching principle has also been proposed for high-power multi-level 
VSC topologies [1-7], but in these cases the extra circuitry is costly and complex. In 
the multi-level reinjection concept, the required ZVS or ZCS condition can be achieved 
naturally. This condition is synchronised with the firing control of the main switches; it is 
established before the switching action starts and terminated after the switching dynamic 
process finishes. 

With reference to multi-level voltage reinjection (MLVR) VSC, the reinjection components 
are kept completely separate from the main power transfer path and, therefore, their current 
ratings are low. The on-state reinjection switches are used to clamp the main power switching 
devices that are changing their switching state. Under this condition, dynamic voltage sharing 
is achieved without a problem by the series-connected power switches under synchronous 
control; the energy stored in the snubbers and parasitic capacitance of the power switches can 
be recovered without losses and thus the snubbers can be simple and inexpensive. The main 
bridge can be designed as a standard unit with the appropriate voltage and current ratings, 
without concern for dynamic voltage balancing of the series-connected switches or parasitic 
energy absorption. Another positive effect is the absence of risk of short-circuiting the DC 
power source during the commutation between the main bridge valves in a phase leg, i.e. there 
is no need for a dead interval between switching off one of the main valves and switching 
on another in the same pole or phase leg. The power converter reliability is therefore 
increased. 

Similarly, the reinjection components involved in the ZCS condition in the case of multi- 
level current reinjection (MLCR) CSC are of low voltage ratings. In this case the reinjection 
switches provide the ZCS condition for the main converter power switches. Thus, unlike the 
case of a resonant switching technique, the energy stored in the inductors and stray inductance 
is gradually returned to the system; therefore, the interface between the converter and the 
AC system can be very simple. In contrast, the AC capacitors required by conventional 
CSC self-commutating conversion to absorb the inductive energy stored in the AC system 
inductance during the switching off process can be very large. Thus in the absence of ZCS, 
the interface between the converter and AC system would be expensive; that is why present 
FACTS devices have avoided the use of self-commutating CSC and present HVDC links 
still favour line-commutated conversion. 


7.3 Clamp-Controlled MLVR [8][9] 


In this configuration the two main bridges are periodically clamped by a reinjection switching 
circuit, common to the three phases, to the different potentials of a subdivided DC source 
capacitor. 
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It has been shown in Chapter 6 (Section 6.2.2) that the conventional multi-level 
diode clamping configuration requires a total number of clamping diodes (Ncp) equal to 
3(m — 1)(m— 2), which is almost proportional to the square of the level number (m). 

In the MLVR converter the clamping structure is simplified in two ways. First, by 
substantially reducing the number of clamping devices (although these are now controllable 
switches instead of diodes), and, second, by separating the clamping circuit from the main 
power circuit. A generalisation of the reinjection structure is shown in Figure 7.1 for an 
even number of levels. This circuit functions as a controllable voltage divider and provides 
an m-level reinjection voltage (u;) to the main bridges via their common (neutral point). 
The DC capacitor is split into (m — 1) cascade-connected units to provide the m accessible 
voltage levels. The GTO-diode pair valves connected to the capacitor bank and the DC 
capacitors form a controllable multi-level voltage divider. By turning on the appropriate 
pairs, i.e. providing a unique path from the reinjection circuit output terminal u; to the 
required voltage level, the reinjection circuit output voltage can be any of the possible m 
voltage levels. 

In the general m-level configuration of Figure 7.1, the m/2 paths from levels 
Vimj2) +++ Vim—1) to the output terminal (denoted by symbol u;) are formed by the combina- 
tion of the horizontal clamping switches of the upper half uai and the vertical switches 
(G,, to G,,, ,)). Of these vertical switches m/2 (i.e. G,, to G,(,/5) are shared by all the 
upper half paths. Similarly the m/2 paths from level Vg. . . Vij,;2)-, to the output terminal are 
formed by the horizontal clamping switches of the lower half circuit and the vertical switches 
(Gai to Gagn-1)). Again switches (G5 to G,,, ,,) are shared by all the lower half paths. 
Each clamping path in the upper half circuit consists of force-commutated switches and 
anti-parallel free-wheeling diodes to allow the flow of current from level nodes to the output 
terminal, while each clamping path in the lower half circuit consists of force-commutated 
switches and free-wheeling diodes to allow the flow of current from the output terminal to 
level nodes. This structure ensures that the voltages across switch units G,,,5,,)... G(, jj 
and Gy, to G,,, , are kept within the nominal level voltage under steady-state conditions, 
i.e. they are clamped to stable and equal voltage levels. 

The commonly shared valves G,,,5)... G4, ;; and G,,... G,(,/ are not clamped 
to individual voltage levels. Therefore some arrangement must be made for balancing the 
steady-state voltages across them; however, no dynamic balancing problem occurs, because 
the output voltage is changed level by level. 

In an m-level converter there are (m — 2) inner level nodes if m is even, in which case 
the total number of clamping switches is 


"an= ($=) (G) 


If m is odd, the total number of clamping switches is 


m—1 m—1 m^-—1 
Nesmo = EE +1 2 = 4 


Further reduction in the number of switches can be achieved using a binary grouping 
arrangement. The m-level configuration has m paths to the output terminal, but only m 
switches require individual paths; the remaining switches belong to common paths and can, 
therefore, be shared. The binary concept is illustrated for eight levels in Figure 7.2. In stage 
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Figure 7.1 Topological structure of the clamp-controlled MLVR-VSC 
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Figure 7.2 Binary-grouped, clamp-controlled multi-level configuration 


A the eight paths need to be controlled individually. In the second stage the number of paths 
are halved; the maximum voltage difference between the two adjacent outputs in stage B is 
(2 x 2—1)V, and therefore three switches are needed to withstand this voltage, but since 
one of them is already present in stage A, only two more switches are required in this stage. 
Similarly, stage C only needs m/(2 x 2) paths and the maximum voltage difference between 
adjacent groups is now (2 x 2 x 2— 1); therefore seven switches are needed to withstand 
this voltage. With the help of the switches already present in stages A and B, only four 
more switches are needed in stage C. The total number of switches required for the m-level 
configuration is thus 


Nsnum =m log, m 
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Obviously the switches in the stages close to the converter output terminal are used by 
more paths. 

In Figure 7.3, which illustrates the m = 8 configuration, the switching symbol of every 
arm in the main bridges represents seven (i.e. m — 1) series-connected switch units. The 
voltages across the reinjection switch branches depend on their position in the reinjection 
circuit; thus each reinjection valve is represented individually in the figure. Reinjection 
switches $;, to S;;,; are common to the different paths, they are not directly clamped to their 
corresponding voltage levels and each of them needs a large resistance in parallel to balance 
the steady-state voltage across the units of the series chain. The dynamic voltage balance, 
on the other hand, can be achieved by asynchronous firing control, which ensures that the 
voltage increment across them is the level voltage V; = Vpc/(m — 1). 

It must be clarified that in a high-voltage application the level voltage V; will generally 
be higher than the rating of present switches and, therefore, each symbol in the diagram may 
itself represent a chain of series-connected switches with steady-state and dynamic voltage 
balancing auxiliary components. 

The current ratings of the reinjection switches are smaller than those of the main bridges, 
because they only carry the AC components of the bridge output currents. 


7.3.4 Firing Coordination 


The voltages across the two main bridges in Figure 7.3 are formed by the DC voltage Upc 
and the reinjection voltage u;; thus to produce the required voltages the switches in the main 
bridges must be controlled synchronously with the reinjection switches. 

With reference to the eight-level reinjection scheme, the following combinations of 
switches need to be turned on to provide the bidirectional current paths between the neutral 
point and the required levels to generate the reinjection voltage (u;): 


vo (S; to Sz) designated as switch combination S, 
vi (S5 to S and S,,) S; 
v,(S; to Sj, and $5, tO Spr) $3 
U3(Sj4 to Sj, and $4, tO $,4,) — S, 
u4(Sjg to Sji and Sj; to Sha) Ss 
Us(Sjg to $5; and S5; to $55) S6 


U6(Sjg to Sji and Sro) S 
v;(Sj to S14) Ss 
In general, to generate the required reinjection waveform the m switching paths 
need to be controlled in the following sequence:..., $5, Si, $5... Sm-1> Sins Suh 
22. $5, 8,,85,.... The simplest firing method is achieved by using an equal interval, 


i.e. every reinjection switch in the sequence is ON for 30/(m — 1)*. 


7.3.2 Analysis of the Voltage Waveforms 


The waveforms are described under ideal conditions, i.e. all the DC capacitances are of 
infinite size, the on-state switches' voltage drop is zero and their off-state impedance infinite, 
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Figure 7.3 Structure of the eight-level MLVR-VSC 
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the free-wheeling diodes are ideal and the transformer leakage reactance is ignored. Also the 
voltages across the capacitors are constant and of the same value, i.e. V, = Vpc/(m — 1). 

The voltage waveforms across the main bridges, shown in Figures 7.4(a) and (b) 
for the eight-level configuration, illustrate that these change every 30/(m — 1)? in the 
sequence 0, V,,2V,,...,(m—1)V,, (m—2)V,, ... , Vj, O and that the zero voltages (coin- 
ciding with the valve commutations) occur around the points (0°, 60°,...,360°) and 
(30°, 90°, . . . , 330°) for the star — star-and star — delta-connected bridges respectively. 

In Figures 7.4(a) and (b) the voltages across the bridges connected to the star-star and 
star-delta interface transformers vary between zero and full DC voltage every 30? in (m — 1) 
steps. The voltage across a secondary phase of the star-connected transformer (Vy), shown 
in Figure 7.4(c), is one-third (between 0° and 60°), two-thirds (between 60° and 120°), 
and again one-third (between 120° and 180°). A secondary winding of the delta-connected 
bridge is either directly connected to the bridge terminal through the on-state valves or 
short-circuited by them; thus V4, (shown in Figure 7.4(d)) is zero (between 0° and 30°), 
the bridge voltage (between 30° and 150°), and zero again (between 150° and 180°). The 
last two voltages add together on the series-connected primary sides of the transformers to 
constitute the output voltage, shown in Figure 7.4(e). 

The Fourier components of the output voltage [V4] are given by the expression [8] 


8[1 -(-D'IE Vae... nT nT nm V3 
Van Aun D sin| xe | cos( 6 ) C 


[e-na aE in| Ft geen «)] 


i=1 


for m >3,n=1,2,3,... (7.1) 


From the above expression, the fundamental peak value of the output voltage is 


16k, Voc. T (n—1) 23 im 
Va = i ol ae] | 2 +X ioos (F - a) | (7.2) 


and the total harmonic distortion (THD) is 


m^ (4-- V/3)(m— 1) i aps S 


THDv, = 


DA T (m— 1) m-2 . T im ? 
27 x 128 sin lll 2 TR ies | c |} 


(7.3) 
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(e). Va / (kU gc) 
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MLVR-VSC Voltage Waveforms (m=8) 
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Figure 7.4 Voltage waveforms of the eight-level MLVR-VSC 
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Table 7.1 Output voltage THD of the MLDC and MLVR configurations 


Pulse number 12 24 36 48 60 72 84 
MLVR level 3 4 5 6 7 8 
THDy, vg (96) 7.8 5.3 4 3.3 2.77 2:5 
MLDC level 3 4 5 6 7 8 9 


THDypc (0) | 311 232 183 155 131  1L6 101 


Table 7.1 shows the approximate output voltage THDs of the multi-level diode-clamped 
and multi-level reinjection alternatives for different pulse numbers. 


7.3.3 Analysis of the Output Current 


Figure 7.5 illustrates the VSC connected to a system represented by a three-phase 
voltage source behind a series inductance L, (which includes the converter transformer 
leakage). 

The system and converter voltage vectors are expressed as 


Vsa Vom sin(wt T ô) 
V, (at) = | vs | = Von sin(wt — 120° + ô) (7.4) 
Uc V, Sin(wt + 120? + ô) 


Y Va, Sin(nwt) 


UA (ct) oo n=l 
V(wt) = | vg(@t) | = | X Van sin(nwt — 120°) (7.5) 
vc(ot) (a 
> Van sin(nwt + 120°) 
n=1 
V,a d$ VA Zio 


(OF COF CO 
OJOO) 


Figure 7.5 Simplified equivalent circuit of the AC system and VSC 
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The output current vector, derived from the circuit of Figure 7.5, has the expression 


1 
Y ,—-VAascos(not) 
nX; 
i,(@t) oo E u ë 
Kot) =| i,(wt) | = paper 22 V4, cos(not — 120°) 
i Y, — Vascos(not + 120°) 
nX x 
1 
— [V4, cos(wt) — V,,, cos(wt + 6)] 
oL, 
1 
+ aL mai cos(wt — 120°) — V,,, cos(wt — 120? + 6)] (7.6) 


ET cos(wt + 120°) — V,,, cos(wt + 120? + 6)] 


This expression shows that the harmonic content of the output current is solely caused by 
the harmonic components of the converter voltage. 

Under perfectly balanced conditions the current waveform can be analysed using the 
amplitude and phase angle of the individual frequency component of a single phase. For 
instance, the amplitude of the fundamental component in phase A is given by 


V 
E zi x V2, + Vii - 2V, Va 008(8) = — (7.7) 


S 


where 


Vin Vu 


y2 V. 
k= " sm —2—* cos(8) 


and the amplitude of the nth harmonic current 


V, 
Tan = an (7.8) 


S 


which is likely to be insignificant for practical levels of L,. 


7.3.4 Capacitor Voltage Balancing [10] 


The DC output currents of the two main bridges are related to the converter system output 
by the following expressions: 
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—ig(ot) 0< ot < 7/3 
AC 7/3 < wt < 27/3 
—ic(et) 2T/3 < wt< T 
M E um (7.9) 
i,(t) T< wt <47/3 
—i (wt) 47/3 < wt < 57/3 


ic(wt) 57/3 <wt<27 


—i,(wt+30°)  —T/6 < ot < 7/6 
i (ct 4- 30?) T/6 < ot < 7/2 
—ic(ot4-30*) 7/2 « ot « 5m/6 
Typc(@t) = ka,4 ig(@t+ 30°) 57/6 < wt < 77/6 (7.10) 
—i,(@t+30°) 77/6 < wt < 37/2 
ic(wt + 30°) 37/2 < wt « 1177/6 
—i,(wt+30°) 1177/6 « wt < 1377/6 


where ky, and k,,, are the turns ratios of the interface transformers. 

The simplified circuit of Figure 7.6 shows the individual paths from each of the m-level 
nodes (vg, Uj, ... , U(m—2)> Uim—1)) to the output terminal (u;) of the reinjection converter 
represented by ideal switches. 

The reinjection output current (i;) is 


ij(@t) = icy — ica = iape (wt) — iy (ot) (7.11) 


Only one path is in the on-state at any instant and, therefore, i; is periodically fed from 
each of the m paths and distributed in discrete time intervals at six times the fundamental 
frequency. 

The currents in the (m — 1) capacitors are determined by the state combinations of the m 
ideal switch paths of Figure 7.6 and currents i, and i,q, where 


ley = inne = Ipc bea = byae — Ipc (7.12) 


The currents through the capacitors that are above the node connected with the on-state ideal 
switch path are the same (i.e. current i,,,), while the currents through the capacitors below 
that node are also the same (i.e. current i,,). 

Thus, using Equations (7.9), (7.10), (7.11) and (7.12), the following expression can be 
developed for the capacitor current i,; (for i = 1,2,..., (m— 1)): 
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Figure 7.6 Circuit equivalent of the MLVR-VSC for system current analysis 
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where 


e 7 
~ 12(m—1) 


The above equation shows that the (m — 1) capacitor currents are periodical time functions, 
such that every 77/3 interval consists of two continuous current curves corresponding to the 
two main bridge output currents; there are six of these two curve groups in a full fundamental 
period for every capacitor waveform. 

The voltages across the DC capacitors are determined by integrating the currents flowing 
through them and capacitor balancing is achieved when the integration of these currents is 
the same for all of them (i = 1,2,..., (m — 1)). 

The capacitors’ voltage increments for every period of the fundamental frequency are 
given by 


2:— (2i-l)a 
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( 
+2ky,, X Ll sin (++ +4,) sin (= — nB;) 


—2ky, 3 Ic,ll a 1)" l5 ne + H sin (= — nf, )| (7.14) 


n-l 


where a = z/(12(m —1)), B; = (2i — 1)a and 0,, is the phase displacement between the 
harmonic voltage and current in phase A. 

It is obvious from Equation (7.14) that under the equal on-state firing interval of 
the reinjection switches, the voltage increments of the (m — 1) capacitors depend on 
their position in the DC voltage divider and, therefore, capacitor balancing is not 
achieved. 

Because the integrations of the capacitor current in each cycle are proportional to its DC 
component, the capacitor balance assessment is based on the DC component only. The DC 
components of the various currents in Figure 7.6 are given by the expressions 
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Loon 2) = T s ) Ist, 1) 


m—1 


l3) = Ltn 1) 2 Ts; 


j=m—2 
m—1 
I: I 
ci Leon 1): = à Sj (7.15) 
m—1 
Tg =1, c(m—l) -. 2 Ts; 


m— 1 


la = Isi) b» Is 
j=2 
and 


la = Lat ls (7.16) 
T (n-1) = Iu Is, 


Equations (7.15) and (7.16) indicate that to achieve capacitor voltage balance the DC 
components of the (m — 2) inner reinjection switch currents, i.e. Is; (j = 2,3,...,(m— 
1)), are zero. Also, in an ideal 12-pulse scheme Ipc = 1,, and, thus, from Equa- 
tion (7.16), Işi = —1I5,, i.e. switch paths S, and S,, act as bypass switches for their DC 
components. 

Capacitor voltage balance can also be assessed with reference to the charges taken 
away from the capacitors. Thus the DC components of the (m — 2) inner ideal switch 
currents are proportional to the charges taken away from the (m — 2) inner-level 
nodes every period. If these charges are all zero, the capacitor voltages are kept 
balanced. 

From Equation (7.15) the DC component differences between the first capacitor (used as 
a reference) and other capacitors are given by 


m 


L-lLi-YMy fo i-2,3,...,(m- 1) (7.17) 


These differences determine the capacitor voltage increment or decrement after every period; 
thus, when imbalance occurs, adjustments can be made to the capacitor voltages by regulating 
the DC components of the (m — 2) inner reinjection switch currents. The adjustments are 
implemented by slight variations of the on-state intervals [10]. 

The converter system power angle has a strong influence on the capacitor voltage balance. 
In the absence of adjustments, the capacitor current differences cannot be zero, except when 
0 = £90°. Figure 7.7 illustrates the on-state interval adjustments required by the eight-level 
MLVR to cancel the DC components of the reinjection switch path currents for the particular 
case when 0 = 30°. 

Figure 7.8 shows the total harmonic distortion of the eight-level MLVR output voltage 
versus the possible range of the power factor angle 0. 
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Bridge Voltages and Reinjection Switch Path Current Waveforms (0 = 30°) 
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Figure 7.7 
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Reinjection waveforms under capacitor voltage balance control 
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MLVR-VSC Output Voltage THD, Versus Power Angle 0 
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Figure 7.8 Voltage THD variation versus power angle 


In the presence of asymmetry and distortion, the reinjection current may not be a periodical 
function of six times the fundamental frequency and, thus, the DC components have to be 
calculated on the full fundamental period. It is still possible to maintain capacitor voltage 
balancing by appropriate on-state adjustments of the reinjection switch paths, not at every 
one-sixth period, but for the full-cycle period of the fundamental frequency. Therefore, in 
this case the capacitor voltage will fluctuate more than in the case of perfectly symmetrical 
operation [4]. 


7.3.5 Dynamic Performance 


The configuration of Figure 7.3, with a large resistor placed across the DC capacitor to 
take into account the converter losses, is used to test the operation of the MLVR scheme 
as a reactive power compensator. With reference to the simplified circuit of Figure 7.5, 
the variables to be controlled are the reactive current component and the DC side voltage 
(Vpc). The latter is controlled by changing 6, which controls the active power transfer 
required to charge or discharge the DC capacitors. Then the DC capacitor voltage determines 
the amplitude of the AC output voltage. The following equations apply to the circuit of 
Figure 7.5: 


186 MULTI-LEVEL DC REINJECTION 


1 . 1 1 
P- ra sin(8)) Q= x, OV. cos(8)) — x 9 
b. 1 | 
Ig, = X; sin(8) Lin = x, ^ cos(8)) — x, 5 (7.18) 
P—P 1 
Ipc = Vu Voc = al Ipc at 


The above equations lead to the block diagram of Figure 7.9(a), used for the control of 
active and reactive power, and Figure 7.9(b), used for the control of Ike and Zim- 

The closed-loop control structure of a reactive power compensator is shown in Figure 7.10. 
The reactive power order is first converted to an imaginary current order J, while the actual 
Tim is derived from measurements of the three-phase voltages and currents. The current error 
is passed to a proportional-integral (PI) controller to generate the required phase angle order 
for the control of the DC side voltage and output current and thus the reactive power. 
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Figure 7.9 Block diagram of the MLVR-VSC control; (a) control of the real and reactive power; 
(b) control of the real and imaginary current components 


TRANSFORMER-COUPLED MLVR 187 


* 
Lim 


gU A | + | PI | l9 J Firing [> To vse 
V, C) Regulator Logic L> GTOs 


A A 


voltage 
V, B 
V. measurement 
rois PP PECES 
lA current 
d measurement 
(Gi — ee s ee 


real and Tim 
imaginary 


t fi ti " 
eec ee Synchronized Multi-Pulse Ramps 


synchronous 
multi-ramp 
generation 


Figure 7.10 Closed-loop control structure of the MLVR-VSC 


The following information is used for the test system to verify the steady-state waveforms 
and simulate the dynamic performance of the converter (the EMTDC/PSCAD program is 
used for this purpose): reinjection level number equal to 8; rated power 100 MVA; rated 
voltage 100kV; AC system reactance 10 % (based on transformer rating); load resistance 
10kQ. The steady-state waveforms, illustrated in Figure 7.11, are very much as predicted 
by the theory. 

The dynamic response to changes in reactive power order (Q,,,) is illustrated in 
Figure 7.12(a); Q,,, changes from 0 to 1 per unit after 0.025 s, from 1 to —1 per unit after 
0.21 s and from —1 to 1 after 0.41 s. In each case Q reaches the new state in under 0.05 s. 
The corresponding variations of capacitors (Vj... V.) and DC voltage (Vpc), shown in 
Figures 7.12(b) and (d) for two different time scales, clearly indicate that capacitor voltage 
balance is maintained under steady and dynamic conditions. Finally, the variation of output 
voltage (V4) and current (74), shown in Figures 7.12(c) and (e) in two different time scales, 
indicates that the operation takes place smoothly from fully inductive to full capacitive 
within two cycles and with very little harmonic distortion. 


7.4 Transformer-Coupled MLVR [11] 


The transformer-coupled MLVR, shown in Figure 7.13, uses two single phase reinjection 
bridges, each fed from one-half of the DC capacitor. These bridges are connected to an 
isolating transformer with two series-connected secondaries that produce a five-level rein- 
jection voltage waveform at six times the fundamental frequency. Its main attraction is that 
it is free from capacitor balancing problems. However, the application of this technique 
beyond the five-level configuration is not envisaged, because the generation of an m-level 
reinjection waveform by this method would require (m — 1)/2 reinjection transformers. 

To explain the operating principle, the converter system is assumed to consist of ideal 
switches and transformers and contain unlimited capacitance on the DC side. 
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8-Level MLVR VSC Waveforms Based on the Simulation Results 
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Figure 7.11 MLVR-VSC simulated waveforms for capacitive operation 
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Figure 7.12 MLVR-VSC dynamic response to step reactive power orders 
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Figure 7.13 Transformer-coupled reinjection VSC 
The turns ratios of the interface transformers of the 12-pulse converter ensure that the DC 
voltages across the upper (U;,) and the lower capacitors (U;y) are the same, i.e. 
Uca = Ucy = Uc (7.19) 


With reference to Figure 7.13, the voltages across the main star-connected and delta- 
connected bridges are determined by those of the reinjection bridges (U;, and U;,), i.e. 


U; = Ug t Up (7.20) 
V, = Ug, — U, = Uc — U, (7.22) 


Therefore adjustment of U; can shape the AC output waveforms of both bridges simulta- 
neously. The reinjection voltage U; is determined by the turns ratios of reinjection trans- 
formers and the switching pattern of the reinjection bridges. Three possible levels (shown in 
Figures 7.14(a) and (b)) are achieved for the U;, and U, voltages, i.e. zero voltage (short- 
circuiting the primary winding of its seinjection trinsfommer). k,Uc and —k;U,. (forward 
and reverse connecting the primary winding of the reinjection tránstotiner across the DC 
capacitor); k;, the turns ratio, is optimised to permit operation in all four quadrants without 
capacitor balancing problems. Figure 7.14(c) shows that U; is a five-level waveform, which 
rises to its maximum in 30° and falls to the original state in another 30°; thus U; is a pulse 
train of six times the fundamental frequency. 
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5-Level MLVR VSC Voltage Waveforms 
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Figure 7.14 Voltage waveforms of the transformer-aided reinjection VSC 
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Vya, the phase voltage across the primary windings of the star — star-connected interface 
transformer, shown in Figure 7.14(d), has the following components in its quarter cycle (X, 
is the transformer turns ratio): 


(1 — 2k ;)/3 0° < wt < 6° 

(l—£,)/3 6° < wt < 12° 
1/3 12° < wt < 18° 
(1+k;)/3 18° < wt < 24° 
(1+2k;)/3 24° < wt < 36° 
(1+k;)/3 36° < wt < 42° 


Vy,(ot) | J 1/3 42° < wt < 48° (7.23) 
k,Uc | |ü-k9)/3 48 < wt < 54° | 
(1—2k;)/3  54* < wt < 60° 
2(1—2k;)/3 60° < wt < 66° 
2(1—k;)/3 66° < wt < 72* 
2/3 72° < wt < 78° 
2(1+k;)/3 78° < wt < 84° 
2(1+2k;)/3 84° < wt < 90° 
Its Fourier content is given by 
oo 4 . 
Voi) 3009 ?(nm/6)b, k, Uc sin(not) (7.24) 
n=1 
where 
Mii SO(RTN . (NT nT nT 
b, = E [1-+2k, [ssin ( 6 ) sin ( 12 ) cos ( sy) eos (=) 1i] (7.25) 


Similarly, the following expression provides the Fourier content of V,,, the phase voltage 
across the primary windings of the star-delta-connected interface transformer shown in 
Figure 7.14(e): 


oo 


Votos y asm Z) b, k, Uc sin(nor) (7.26) 


n-l 


The primary side output voltage V, (wt), shown in Figure 7.14(f), is derived from the addition 
of Vy, (wt) and V,a (Œt). 

The peak value of the nth harmonic and the fundamental components of the output 
voltage are 


Vox aa cos (=) | + = cos ()| b, (7.27) 


Va = na — [rt [4sin (7) cos (=) cos (=) 1i] (7.28) 
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The total harmonic distortion of the phase output voltage is 


2y2 
THD; = | -AMS i (7.29) 
i Vit 


and the reinjection transformer turns ratio required to minimise THD, is 


k; = (7+4V3) [4 sin ( =) cos (=) cos (=) 1 = 0.3927 


which results in a minimum THD, of 3.16 %. 
Finally, Figure 7.14(g) shows the spectrum of the output voltage as a percentage of the 
fundamental component. 


7.5 Cascaded H-Bridge MLVR 


The neutral point clamping concept [12] has gained general acceptance for its inherent 
capacitor balancing capability. However, this property is only available to the three-level 
configuration, which, therefore, needs to be complemented by PWM. 

This section describes a cascaded H-bridge reinjection configuration that combines the 
benefits of three-level neutral clamping (in so far as the DC capacitor balancing is concerned) 
and the reduced harmonic content and lower dv/dt of the multi-level schemes. Unlike 
the presently used H-bridge multi-level conversion concept, where the cascaded H-bridge 
structure constitutes the three-phase power converter, the proposed scheme uses the H-bridges 
in a separate lower rated reinjection circuit. 

In the diode-clamped multi-level scheme, the number of diodes increases almost propor- 
tionally to the level number squared, whereas the number of switches in the H-bridge 
reinjection circuit increases only in direct proportion to the magnitude of the DC voltage 
(i.e. does not depend on the level number). 

The cascaded H-bridge MLVR achieves the ZVS condition without carrying DC and, 
therefore, the power rating of this circuit is a fraction of the main converter rating. Finally the 
facility with which this configuration can be designed for high voltages makes it perfectly 
suited for use in HVDC transmission. 


7.5.1 Basic Structure and Waveforms 


Figure 7.15 shows the proposed configuration. Except for the added H-bridge chain between 
the middle node of the DC capacitors and the neutral point of the two main bridges, it is the 
standard configuration of a 12-pulse VSC. 

To produce an m-level voltage waveform across the main bridge DC terminals the rein- 
jection circuit requires (m — 1)/2 identical single phase H-bridges, each having a capacitor 
pre-charged to a voltage level equal to Vpc./ (m — 1). 
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Figure 7.15 MLVR H-bridge VSC configuration 


Since each H-bridge generates three different output states, i.e. — Vc / (m — 1) (state S. ,), 
O (state Sọ) and +Vpc/(m-— 1) (state S,,), an appropriate combination of the (m — 1)/2 
bridge outputs can generate any one of the possible m voltage levels, i.e. 


Vpc (m —3)Vpc Voc 2Vpc Voc 
2.7 2(m — 1) UU" m=i m-1' "' 2 


To achieve the linear reinjection waveform proposed in Section 4.5.1, the H-bridges are fired 
periodically at six times the fundamental frequency and the firings are synchronised with 
those of the two main bridges. The multi-level reinjection voltage is added to the two DC 
capacitor voltages to shape the voltages across the two main bridges into equal linear staircase 
waveforms, but with a 30° phase difference. Finally, the series combination of the two main 
bridge voltages produces a high-quality output voltage waveform at the converter terminals. 

The theoretical reinjection waveforms produced by the cascaded H-bridge configuration are 
not different from those of the previous MLVR configurations, as Figure 7.16 shows for a 
seven-level case. Graph (a) shows that the reinjection voltage varies periodically at six times the 
fundamental frequency in synchronism with the main bridge valves' commutations. Graphs (d) 
and (c) illustrate the voltage waveforms across the interface transformer phase windings for the 
delta and star connections respectively. Graph (c) contains the voltage across the star-connected 
bridge, which is zero in the regions when the reinjection voltages equals — Vpc /2, thus providing 
a soft-switching condition for the commutations in this bridge. Similarly, graph (d) shows that 
when the reinjection voltage equals Vpc/2, the voltage across the delta-connected bridge is 
Zero, again providing a soft-switching condition for the commutations in that bridge. Graph 
(e) shows the output voltage waveform and (f) its frequency spectrum. 
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Voltage Waveforms of 7-Level MLVR-HB-VSC 
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Figure 7.16 Voltage waveforms for the seven-level H-bridge MLVR configuration 
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It must be emphasised that the current rating of the extra H-bridge chain of the reinjection 
circuit is only a fraction of the main converter phase current, as the DC components of 
the balanced two main bridges cancel each other. The H-chain functions like a harmonic 
filter placed on the DC side (thus eliminating the risk of harmonic resonances); it also 
provides a ZVS condition, dynamic voltage balance for the main bridge series-connected 
switches and reduces the dv/dt stress of the power switches and components. Moreover, 
the scheme should permit the use of hybrid main valves consisting mostly of thyristors and 
a few self-commutating switches. 


7.5.2 Switching Pattern of the Reinjection Bridges 


As explained earlier, following a change of switching state in either of the two main bridges, 
the reinjection waveform is increased or decreased in m step levels of equal width with a 
period of 7/6. In the configuration of Figure 7.15, following a switching state change in the 
star-star bridge, the reinjection voltage is increased step by step. Similarly, after a change 
of switching state in the star-delta bridge, the reinjection waveform is decreased step by 
step. In each case the reinjection voltage reference is the voltage from the neutral point of 
the two main bridges to the common node of the two DC capacitors. 

To generate the required multi-level waveform, while achieving the lowest switching 
frequency (i.e. the reinjection voltage frequency), the (m — 1)/2 H-bridges can be triggered 
in a variety of patterns. The preferred pattern for high-voltage application should use the 
lowest switching frequency (i.e. six times the fundamental) as well as provide self-balancing 
capacitor voltage capability. 

Figure 7.17 illustrates a firing pattern where the output states of the H-bridges are all 
symmetrical about the vertical line at 7/6, while the widths of the states (S,,,S) and 


+H, 
0 Ed i Ed P 1 1 
ay i oe 
1 12 4 Hi | 3 2 
DEED : 
tH, ' ! 
m | 1 T 
0 ap, 12 [—————] 4 dn, 3 
+ } > 
by; T CH; h 
| 6 i 
NES i ' 
2 i 
Es | X m 
0 4m) 12 12 4 dH m1 12 :3 
t T + T > 
bH m1) 12 v CH m1) /2 l : 


Figure 7.17 Switching pattern of the reinjection bridges 
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S_,) of the individual H-bridges are not equal. If the (m — 1)/2 H-bridges are numbered 
Hy, H}, . . . , Hm — 1)/2, the four state changing points in the 7/3 period of bridge H, are 


kar 

ay, = rem 
oT kar 
i = > T 

6 6m (7.30) 

T " kar 
Cy = — + — 
m 6 6m 
d. = m krm 
m 3 6m 


The firing sequence of the four switches in the kth bridge can be arranged as shown in 
Figure 7.18. Sy, is changed from off-state to on-state at point by, and from on- to off-state 
at dj; S4, is changed from on-state to off-state at point a,,, and from off to on-state 
at cy; Sy, is changed from on-state to off-state at point bj , and from off to on-state at 
dy; Sy,, is changed from off-state to on-state at point a, , and from on to off-state at cy, . 
With this arrangement there are always two of the four switches in on-state and the kth 
H-bridge output states are determined by two switches in on-state, i.e. 


H, = S_, is determined by Sy, and Sy, in on-state 
H, = S, is determined by Sy and Sy, in on-state 
H, = $,, is determined by Sy, and Sy, in on-state 


H, = S, is determined by Sy and S;,, in on-state 


H, = S_, is determined by Sy, and S, in on-state 


It is clear that the state H, = Sọ can be generated either by Sy, and Su, or Su, and Sp, 
in on-state. With the firing sequences of Figure 7.18 for the four switches of the H-bridge, 
the firing frequency is six times the fundamental and the two zero-output stages are used 
equally. These two properties, low-frequency switching and equal rating of the switches, 
make this arrangement attractive for HVDC application. 


7.5.3 Design of the Cascaded H-Bridge Chain 


In the cascaded H-bridge configuration, the use of sufficiently large-level numbers to provide 
the waveform quality required for high-power and high-voltage applications is not a problem. 
The main considerations in the design of the reinjection chain are: 
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Figure 7.18 Switching sequence for the kth reinjection bridge 


* achieve high voltage ratings; 

e reduce dv/dt to an acceptable value; 

e improve operational reliability; 

e simplify the design of the main bridge and other power components. 


The maximum voltage rating of an H-bridge with currently available IGCT of IGBT 
switching devices, without the use of series-connected chains, is under 10kV. The ratio 
of DC voltage to reinjection voltage of this configuration is two. Therefore, adopting a 
conservative figure of 5 kV per bridge, a 50 H-bridge chain will provide 250 kV from a DC 
voltage of 500 kV. 

The level-by-level increase or decrease of the voltage across the main converter valves with 
a period of repetition equal to one-twelfth of the fundamental frequency, plus the presence 
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of zero-voltage regions during the commutations, should make it possible to construct 
the bridge arm using only a few forced commutated switches, the rest being thyristors. 
The forced commutated switches would be used to switch off the arm branch current and 
sustain the first level of voltage, while the by then recovered thyristors would sustain the 
subsequent level-by-level voltage increases. So the higher the level number (and therefore 
the lower the voltage increments), the fewer the number of forced commutated switches 
required. 

Instead of single device H-bridges, the reinjection chain could be constructed using a 
few H-bridges of higher voltage rating valves consisting of series-connected switches and 
capacitors. This solution, however, would impose high dv/dt stresses across the main 
bridge switches and other converter components (such as cable and transformers) and would 
create voltage balancing problems for the series-connected switches of the high-voltage-rated 
H-bridges, because each H-bridge is a two-level VSC. The total number of switches and 
capacitors required for chains consisting of high- or low-voltage H-bridges are the same, but 
the capacitor size of each low-rated H-bridge is smaller than the size of each capacitor in 
the high-voltage H-bridge alternative; the reinjection current is distributed either to a large 
number of individual capacitors or to a number of capacitors grouped in series, and the 
former requires a lower rms current rating than the latter. 

Also, the addition of redundant switches, as required for operational reliability, would 
result in higher costs if fewer higher voltage H-bridges were used. 

In the multi-level clamped configurations discussed in Section 7.3, when the converter 
voltage rating is much higher than that of the individual switches, a high-level number 
would be needed to reduce the voltage balancing problems in the series-connected switching 
device. However, the number of auxiliary clamping switches increases quickly with the 
level number and such a solution is less cost effective. Moreover, the benefit of a high-level 
number is not significant for very high-level numbers. For instance, between 11 and 101 
levels of the reinjection configurations, THD only reduces from 2% to 1.1 46. 

As indicated earlier in the section, the number of switches needed for the H-bridge 
converter configuration is independent of the level number. For instance, for the 500 kV 
DC voltage conversion under discussion, the number of main bridge valves has the same 
structure (each formed by 100 switches in series) whether the selected level number is 11 or 
101. The reinjection branch of the 11-level configuration is formed by five high-voltage-rated 
H-bridges in series, each bridge arm consisting of 10 switches in series and 10 capacitors in 
series on its DC side; the reinjection branch of the 101-level configuration is formed by 50 
H-bridges in series, each connected to a single capacitor. Therefore, under suitable control 
conditions, high-level numbers and waveform quality are not a problem in the H-bridge 
configuration. 


7.5.4 Capacitors' Balancing 


As shown in Figure 7.15, the H-bridge chain is connected between the middle node of the 
DC capacitors and the neutral point of the two main bridges. No independent sources are 
used to charge and discharge the H-bridge capacitors, although they can be pre-charged to 
an appropriate level before the operation starts. Therefore, special measures are needed to 
ensure that the H-bridge capacitors follow the voltages across the main converters as well 
as keep them balanced. 
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Equalisation of the H-bridge chain voltage and the DC capacitor 
voltage 


To simplify the description let us assume that the level number is infinite; then the reinjection 
voltage becomes a triangular waveform expressed by 


Pac (at — 12) 0 « ot « 7/6 
uj(ot) = e " (7.31) 
— Unc] (ot — 7/4) 7/6 « ot < 7/3 
7/12 


For a high-level number the AC output voltage of the reinjection converter system is very 
close to a sinusoidal wave and with sufficient inductance in series with the ideal AC source 
the converter AC output current will be practically a sine wave. 

Under balanced conditions the converter output fundamental voltages are 


va (wt) Vs sin(@?) 
vg(wt) | = | Vj, sin(@t — 27/3) (7.32) 
Uc (wt) V, Sin(wt + 27/3) 


where V,, is the peak magnitude of the phase voltage. 
The AC output phase currents of the converter are 


i (ot) V2Isrsin(wt +0) 
ip(wt) | = | V2Isgsin(wt — 27/3 + 0) (7.33) 
ic(wt) V Is, sin(ct +27/3+ 0) 


where 0 is the power factor angle (the phase angle of the AC with respect to the converter 
output voltage), which is considered positive when the current leads the voltage, and /,, is 
the fundamental (rms) component of the converter phase current output. 

These currents are coupled to the two main converters by the interface transformers and 
then converted to the main bridge DC sides, iy;. and i4pc. The latter vary at six times the 
fundamental frequency and are expressed as 


—si E 
ae VK, Isp emery 0—27/3) 0 «ot « 7/6 (7.34) 
—sin(ot--0--27/3  m/6 « ot « 7/3 
—si — q/2 
UCM TN is sin(ot4-0 — 7/2) 0 «ot « 7/6 (7.35) 
sin(wt+6-+ 7/6) 7/6 < wt < 7/3 
where k, is the star—star interface transformer turns ratio. 
The reinjection H-bridge current is 
i(@t) = iypc(ot) — iync (Ft) 
E IVk, Ign onlay?) cos(wt+0+57/12) 0 « wt « 7/6 (7.36) 
—sin(7/12)cos(wt+6+ 7/4) 7/6 « wt < 77/3 
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Using the expressions for the reinjection voltage and current, the power transferred to the 
reinjection branch is 


7/3 
Bos i ” (eot)uj(cot)d(wot) = ee [ian = — = ]eos() 037 
T Jo T 12 12 

Equation (7.37) indicates that the reinjection branch absorbs energy during the rectification 
and delivers energy during the inversion processes respectively. Thus the H-bridge capacitors 
would be overcharged during rectifier operation and discharged during inverter operation, 
unless an appropriate charge is transferred from or sent to the main converter capacitors. 
For this configuration to operate properly, the sum of all the DC capacitor voltages across 
the H-bridge chain must equal the top and bottom DC voltages across the DC capacitors of 
the two main converters. 

Equation (7.37) describes the reinjection average power in terms of the AC and DC 
voltage, but it is more convenient to express the power in terms of either DC voltage and 
current or AC voltage and current. 

If the level number is infinite and the DC voltage Vpc, the fundamental rms output voltage 
of the converter phases is 


12/2 


T? 


tan(7/12)k,Vpc (7.38) 


Arms| = 


Thus the DC current of the two main bridges is 


3V rms I cos(0) =P s 34/2 
hae UU E m L k Is cos(0) (7.39) 
Vpc T 


Similarly, if the added voltage of all the capacitors across the H-bridge chain is Vpc/2, the 
equivalent DC in the H-bridge chain is 


HU aA T 


P iHBs 24 T T 

HBr = [tan = =| Inc = 2k ploc (7.40) 
In the absence of DC side load current, the DC Current (/5c) will only be used to deliver 
or take charges from the two main capacitors; similarly, the equivalent DC current /;;. will 
deliver to or take charges from all the capacitors in the H-bridge chain. To ensure equality 
between the voltages across the two main capacitors and all the series capacitors of the 


H-bridge chain, the following condition must be satisfied: 


af bodie [ E = pp [ Ipcdt (7.41) 
Cm Y- CiBequ -0 “° C jBequ ”-% 
or 
Cjpequ = 2K jpCm 
where 
C,, represents the capacitance of each of the two main capacitors 
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C ibequ ÍS the total equivalent capacitance of the H-bridge chain 

k p = (24/7) (tan 7/12 — 77/12) is the ratio of the powers transferred by the main converter 
and the reinjection circuit. 


Equation (7.41) indicates that if C;5,,,, is equal to 2k; C,, and the converter DC current only 
flows through the two main capacitors, the voltage equality is assured; this condition is met 
by the STATCOM application. 

However, for other applications the DC output current of the main converter bridges may 
not exclusively go into the two main capacitors. The part of the current going into other 
parts of the circuit depends on the converter operation, and particularly the load demand. 
As the latter is unpredictable, voltage equality is not guaranteed purely by an appropriate 
design of the capacitances of the two groups of capacitors. Instead, to achieve equality 
between the added H-bridge DC capacitor voltage and the DC voltage across the two main 
capacitors, two charge-passing paths have to be opened and closed periodically and they 
must be synchronised with the H-bridge firing sequence. 

When the H-bridge chain outputs the positive maximum voltage level (Vpc/2) the 
bypassing state of the star-delta bridge (i.e. the two arms of a pole phase being in the on- 
state) is used as the charge-passing path. This forces the summed voltages of the H-bridge 
capacitors to be equal to the voltage across the top main capacitor connected to the star-delta 
bridge. Similarly, when the H-bridge chain outputs the negative maximum voltage level 
(—Vpc/2) the bypassing state of the star—star bridge is used as the charge-passing path. This 
forces the summed voltages of the H-bridge capacitors to be equal to the voltage across the 
bottom main capacitor connected to the star—star bridge 

However, the bypassing states can only be used for this purpose when the H-bridge outputs 
are at their maximum positive and negative levels, otherwise this action would create a 
short-circuit condition in the converter. Moreover, the periodical use of the bypassing states 
also achieves voltage balancing of the two main capacitors, a necessary condition for the 
reinjection configuration to operate properly. 


Balancing of the H-bridge capacitors 


To generate the required reinjection voltage waveform, the differences between the capacitor 
voltages of the individual H-bridges must be kept within a specified narrow margin. The 
voltage across an H-bridge capacitor is determined by the current passing through it and the 
switching pattern selected for the bridge. 

The fundamental voltage component generated by the converter (i.e. the added emfs 
generated by the fluxes of the two interface transformers of the double bridge configura- 
tion) is given by Equation (7.32) and the fundamental phase currents by Equation (7.33). 
These currents are transferred by the interface transformers to the converter sides and then, 
through the converter switches, to the DC side. If the currents are perfectly balanced and 
their harmonic content negligible, a full cycle of the reinjection current is represented by 
Equation (7.36). 

Once the triggered pattern has been chosen, the switches in the H-bridge chain turn on 
and off to generate the required reinjection voltage waveform. The reinjection current, also 
controlled by the switching action, charges or discharges the individual H-bridge capacitor 
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voltages depending on whether the H-bridge output is positive or negative; when the H-bridge 
is bypassed the current through the capacitor is zero. 

The specified firing pattern can cause the capacitor voltages to drift. This condition is 
next analysed for the firing pattern shown in Figure 7.17. 

The ith H-bridge is switched to state S , before the origin, to Sọ at ag;, to S}; at by, to 
So at cg; and to S , again at d,;. The switching instants occur at 


ag; = imr /6m 

bm = (m — iym] /6m 

Cy; = [Gm 4- Ð) T] /6m (7.42) 
dy; = [Qm — iym] /6m 


The voltage increment of the capacitor in the ith H-bridge is calculated as follows: 


il im/6m (m+i)7/6m 7/3 
Ri ses us 1 i,(wt)d(wt) + i,(wt)d(wt) — i,(wt)d(wt) 
oC, 0 ` (m—i)m/6m (2m—i) m /6m 
—8,/2k,,Isp sin(z/12)cos(0) . / a im \ , iT 
= sin sin (7.43) 
wC; 12 12m 12m 


For the selected firing pattern, Equation (7.43) indicates that the (m — 1)/2 H-bridge capacitor 
voltages are uniformly increased or decreased by an amount determined by the power 
factor angle 0 and that the voltage increments of the first and last H-bridge capacitors are 
equal. 

If the capacitances of all the H-bridges are equal, the differences between the voltage 
increments of the H-bridge capacitors are given by the expression 


AU cpa zm AUg, = AUG; = 


—842k, I, sin(z/12)cos(0) . [a  (k+Dr] . [(k-D)a 
oC, sin| 7 12m =| 12m | 
(7.44) 


This expression shows that the voltage increment differences between any two capacitors 
are only equal when cos(0) = 0, a condition that is, again, met by the ideal STATCOM 
operation (i.e. ignoring internal converter losses). 

For general four-quadrant operation, however, the individual capacitor voltages would 
not be balanced. Thus a self-balancing mechanism needs to be developed for use in HVDC 
transmission. 

The identical H-bridges and their series connection provide the necessary conditions 
to achieve voltage balancing. Once the firing pattern has been chosen, such as that of 
Figure 7.17, at every 7/3 period, all the H-bridges in the chain must generate specific 
output voltages to produce the required reinjection voltage waveform. However, there is no 
restriction on the selection of the particular units used to generate the required states. This 
flexibility provides the opportunity to rearrange the (m — 1)/2 H-bridges for the next coming 
periods. That is, an H-bridge that was undercharged in the previous period can be forced 
to gain more charge in the following one and a bridge that was overcharged to receive less 
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charge in the next period. Thus an appropriate switching arrangement must be made in the 
sequence to ensure that all H-bridges are equally used. 


7.5.5 STATCOM Application 


Compared with the static VAR compensator (SVC) the VSC-STATCOM offers superior 
voltage control due to its capability to act as a reactive power generator. However, the 
present STATCOM, based on PWM technology, has not yet displaced the conventional 
SVC due to higher cost and there is, therefore, room for new concepts to try and improve 
the STATCOM competitiveness. As explained in previous sections, the cascaded H-bridge 
VSC multi-level configuration is well suited for STATCOM operation, due to the lack of 
capacitor balancing problems, as well as providing a practically undistorted waveform, low 
power losses and high operating reliability. 

The simple test model of Figure 7.19 is used to verify the characteristics of the H-bridge 
STATCOM by means of EMTDC simulation. In the test system Vz, (the DC side capacitor 
bank voltage) and 6 (the phase angle difference between the converter output and the source 
voltages) are the control parameters. For STATCOM application, as well as the DC side 
voltage, either the reactive power or the reactive current can be used as the variables to be 
controlled; the latter, however, is the more relevant selection. 

The DC side voltage is changed by ô, which controls the small active power required to 
charge or discharge the DC capacitors. The DC capacitor voltage V, then determines the 
amplitude of the MLVR-VSC AC output voltage. The STATCOM operation is determined 
by Equations (7.18) and the control system described in Section 7.3.5. 

The test system conditions are as follows: 


e reactive power rating 100 MVAR (with two 50MVAR converter bridges); 
e rated voltage 100 KV; 


e nominal leakage reactance of each of the interface transformers 10 96, their turns ratios 
(k,) being 1 and 4/3 for the star- and delta-connected transformers respectively. 


To simplify the display of results the waveforms are normalised as follows: 


Qbase = 100MVA for reactive power Q and its order Q,,, 


Vsazj iz jo VAZjO 
+ > 
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— — 
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ic Vc 
+ — 
N L, N 


Figure 7.19 Simplified VSC test system 
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Vpase = V3V ated / J/2 for voltages on the primary side of the interface transformers 
(e.g. V4) 
= Qp,,,/3Vg,,, for currents on the primary side of the interface transformers 
(e.g. I4) 
VacBase = Vgase/Kn for voltages on the converter side of the interface transformers 
(e.g. Vici» Vacs etc.) 
for currents on the converter side of the interface transformer (e.g. /;). 


I 


Base 


LicBase = k, Ig 


ase 


Waveform verification 

Figures 7.20 and 7.21 show the test system voltage and current waveforms for a fundamental 

cycle in steady state at rated reactive power conditions for capacitive operation. 

The variables plotted in Figure 7.20 are: 

(a) U;, the reinjection voltage 

(b) Vy, the normalised phase voltage of the star-star-connected bridge 

(c) Vay, the normalised phase voltage of the star-delta-connected bridge 

(d) V4, the normalised AC output voltage 

(e) V4,/V4,. the output voltage spectrum. 

The variables shown in Figure 7.21 are: 

(a) I; the reinjection current. 

(b) Vc — Vjcs. the normalised voltage difference between the top main capacitor and the 
reinjection capacitors. These waveforms are shown to illustrate that the added voltages 
of the reinjection capacitors follow closely (with just a small ripple) the voltages of the 


two main capacitors. 


(c) Vc; —Vjcy, the normalised voltage difference between the bottom main capacitor and 
the reinjection capacitors. Their purpose is as explained in (b). 


(d) V,J,, the normalised AC output voltage and current of the seven-level MLVR-VSC. 
(e) Lj/1I4;. the output current spectrum of the seven-level MLVR-VSC. 


All these waveforms are practically the same as the theoretical ones of the multi-level 
reinjection schemes. The simulated output voltage THD is 2.71 as compared with a theoretical 
value of 2.77 96. 

If the converter transformers’ leakage reactance is 10%, the current harmonic content 
injected into the AC system is very small, i.e. 1.03 and 1.14% for the capacitive and 
inductive cases respectively. 
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Figure 7.20 MLVR-VSC voltage waveforms for capacitive operation 
Dynamic performance 


Figure 7.22 illustrates the simulated dynamic performance of the seven-level MLVR-VSC 
operating as a STATCOM and shows the following normalised waveforms: 
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7-Level MLVR-HB-VSC Simulated Waveforms of Capacitive Operation 
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Figure 7.21 MLVR-VSC waveforms for capacitive operation 
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(a) Q, Q,p, P, the generated (Q) and ordered (Q,,,) reactive powers (the capacitive being 
set to positive and the inductive to negative) as well as the active power (P) of the 


converter (generation being set to positive and absorption to negative). 


(b) Vics, Vci» Vc», the total reinjection capacitor voltage and main capacitor voltages. 
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7-Level MLVR-HB-VSC Simulated Waveforms of Reactive Power Control 
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Figure 7.22 MLVR-VSC dynamic responses under step reactive orders 


V,I,, the AC output voltage and current of the seven-level MLVR-VSC. 


Vici» Vico» Vica» voltages of the reinjection capacitors in a reduced time scale (from 0.3 


to 0.4 seconds) to show in greater detail the dynamic response. 
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(e) V4. I4. Qep, the AC output voltage and current in the reduced time scale (Q,,, is added 
to indicate the instant of the ordered reactive power change). 


(f) Vc, Vc;, the main capacitor voltages in the reduced time scale. 
Referring to Figure 7.22(a), the following dynamic performance is observed: 


(i) The reactive power order changes from 0 to 1 pu after 0.05 seconds and the generated 
reactive power reaches the required value at 0.11 seconds, the maximum overshoot 
being about 5 96. 


(ii) Qep is changed from 1 to —1 pu at 0.3 seconds; the generated reactive power reaches 
the new value at 0.36 seconds and the maximum overshoot is under 8 46. 


(iii) Q,,, is changed from — 1 pu to zero at 0.6 seconds; the reactive power returns to zero 
at 0.66 seconds and no overshoot occurs. 


The waveforms in Figure 7.22(b) show that: 


(iv) The voltages of the two main capacitors are kept balanced in the steady state and 
dynamic regions. 


(v) The added voltages of the reinjection capacitors on the DC sides of the H-bridge chain 
follow closely the voltages of the two main capacitors both in the steady-state and 
dynamic regions. 


The waveforms in Figure 7.22(c) show that the output voltage and current response to the 
reactive power changes (from full-scale inductive to full-scale capacitive in approximately 
three cycles) is smooth and without significant overcurrent or overvoltage. The waveforms 
in Figure 7.22(d) demonstrate that the reinjection capacitor voltages experience a slight drift 
in the dynamic region, but after a few cycles they become balanced again. The reduced scale 
waveforms of Figure 7.22(e) show that the harmonic contents of the output voltage and 
current waveforms are very low and change smoothly during the dynamic periods. Similarly 
those of Figure 7.22(f) clearly indicate that the capacitor voltages are kept balanced in the 
dynamic periods. 


7.6 Summary of Main Characteristics of MLVR Alternatives 


In the multi-level voltage source configurations described in Chapter 6, the auxiliary switches 
and/or capacitors required to increase the number of steps of the output voltage waveform are 
an integral part of each of the main power circuit phases and have to be rated accordingly. 
The switching components of the multi-level reinjection schemes are kept separate from 
the power circuit and are shared by the three phases; this reduces considerably the voltage 
and/or current ratings, as well as the number of switches and high-voltage connections. 

Multi-level reinjection combines the benefits of multi-level conversion and soft switching, 
and requires fewer extra switching components. 
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The three- and five-level transformer-coupled configurations have no capacitor balancing 
problems, because the DC capacitor is not subdivided into clamping sections. However, 
each arm of the reinjection bridges is connected across the full DC voltage, which makes it 
unattractive for high-voltage application. 

The active clamping concept permits the use of any level number without the need for 
reinjection transformers and the number of extra switches is substantially reduced with 
respect to the conventional multi-level diode clamping. Moreover, the controllability of the 
clamping circuit can be used to eliminate the capacitor voltage balancing problem. However, 
the use of high-level numbers is still impractical, as the number of clamping switches 
increases more than linearly with the level number. 

Cascaded H-bridge voltage reinjection is the most likely multi-level contender for use in 
high-voltage applications. This alternative achieves the multi-level output and ZVS condition 
without carrying DC. Thus in the absence of DC power, the power rating of the reinjection 
circuit is a fraction of the main converter rating. Moreover, the number of switches required 
by the low-rated H-bridge structure is directly proportional to the voltage rating (as compared 
with the conventional diode-clamped configuration, where the number of extra switches 
increases with the square of the pulse number). 

Another feature of H-bridge reinjection is its dynamic voltage balancing capability. In this 
respect, the free adjustable width of the ZVS period enables the H-bridge chain to exchange 
charge with the main bridge capacitors; the charge exchanges between the main bridge 
and H-bridge chain force their capacitors to be equal periodically; this effect is particularly 
important under asymmetrical source conditions. The identity of the H-bridges, their series 
connection and the possibility of redundant state combinations provide the self-balancing 
mechanism for the H-bridge capacitor chain voltages. This self-balancing mechanism is less 
effective when the number of H-bridges is high. 


7.7 Multi-Level Current Reinjection (MLCR) [13, 14] 
7.7.1 Structure and Operating Principles 


MLCR can be considered as the dual of MLVR-VSC. Thus the waveforms developed for the 
MLVR configuration, and illustrated in Figure 7.4, also apply to the MLCR configuration. 
In this case current, instead of voltage, constitutes the DC source. 

Unlike MLVR that requires asymmetrical switches (with unidirectional voltage blocking 
and bidirectional current capability), MLCR requires symmetrical switches (with bidirec- 
tional voltage blocking and unidirectional current capability). Thus if IGBT switches were to 
be used in MLCR conversion, a diode would have to be connected in series with the IGBT, 
and the extra power loss may not be acceptable in high-voltage applications. Therefore, 
symmetrical switches, such as the GTO and IGCT, are more appropriate devices for MLCR 
conversion, particularly given the lower switching frequencies involved (as compared with 
those of PWM conversion). 

The use of switches with turn-off capability provides the reinjection circuit with the 
opportunity to self-commutate, instead of using the ripple voltage as the commutating 
voltage (the solution described in Section 3.8.2), and thus to place at will the position of the 
reinjection current pulses. 
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The same topological structure and basic control strategy of the DC ripple reinjection 
concept described in Section 3.8.2 for line-commutated conversion can be used in self- 
commuting CSC (this has been explained in Section 4.5). 

When the AC system voltage is perfectly symmetrical, the 12-pulse voltage ripple is 
of low amplitude and therefore the inductance (L,,) required to suppress the DC current 
fluctuation is very low. In practice, however, larger values of L,, are needed to cope with 
the presence of some system asymmetry. 

The required levels of current reinjection are produced by tapping the reinjection trans- 
former. Compared with VSC, where equal size capacitors are required to share the DC 
voltage, the reinjection transformer taps in the CSC case can be arranged more flexibly to 
derive the AC output current waveforms. 

Figure 7.23 shows the (m+ 1)-level MLCR configuration based on the 12-pulse series- 
connected converter; in this figure the reinjection switches are shown as GTOs. The output 
currents of the bridges 75, and J,, are shaped by the reinjection currents /;, and J, into 
(m+ 1)-level waveforms and produce a 12m-pulse equivalent output current waveform on 
the primary of the interface transformer. 

There are two important differences regarding the double bridge MLCR system with 
respect to that of the single bridge. One is the operating frequency, which is now six 
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Figure 7.23 Structure of the series MLCR-CSC 


212 MULTI-LEVEL DC REINJECTION 


times (instead of three) the fundamental; the other is the location of the reinjection point, 
which is now the midpoint between the series-connected bridges, instead of the transformer 
neutral. The primaries (N,,) of two single phase transformers are connected across the 
bridges’ terminals and each of their multi-tapped secondaries (N,) is periodically connected 
in series with the DC line, the repetition period being six times that of the fundamental 
frequency; this is achieved by firing simultaneously two opposite-conducting GTOs of the 
symmetrically placed taps on both sides of the reinjection transformer secondaries (e.g. S, jı 
and S,,;;). 

Similarly, Figure 7.24 shows the (m+ 1)-level MLCR configuration based on the 12-pulse 
parallel-connected converter. The multi-tapped reactor assisted by the switching action of 
the reinjection switches distributes Jpc to the two bridges in (m + 1)-level waveforms. 

The main property of the MLCR scheme is its capability to control the position, magnitude 
and duration of the reinjection steps. If these parameters are optimised to achieve maximum 
harmonic cancellation, for every pair of taps symmetrically placed with respect to the two 
reinjection transformer secondaries, the pulse number is doubled, with the midpoint tap and 
short-circuiting switch pair (S,,o—S,,;) adding an extra multiplication factor. Thus the five- 
level configuration shown in Figure 7.25 can achieve 60-pulse conversion (i.e. 5(reinjection 
level number) x 6 (reinjection frequency ratio) x 2 (number of bridges). An added bonus of 
the reinjection current is that the converter valve currents are forced to a very low value 
(i.e. to an almost ZCS condition) during the commutations, which simplifies the design 
of the snubber circuits. The ZSC condition does not apply to the reinjection switches, but 
due to the unidirectional nature of the current, the snubbers required can be of the simple 
resistor-capacitor-diode (RCD) type. 
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Figure 7.24 Structure of the parallel MLCR-CSC 
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Figure 7.25 Five-level reinjection series-connected CSC 


7.7.2 Self-Commutating Thyristor Conversion [15] 


In the pulse multiplication scheme described above, the magnitude and duration of the 
reinjection steps were optimised to achieve maximum harmonic cancellation, which, as 
already explained, for the five-level reinjection configuration, provides 60-pulse conversion. 
However, this reinjection waveform does not completely cancel the converter valves’ currents 
during the commutation and, therefore, turn-off devices are still needed to provide self- 
commutation. 

It is shown next that the use of a non-optimal reinjection waveform (from the harmonics 
viewpoint) can force a ZCS condition for an interval of 6° (or 333 us at 50 Hz) during the 
commutation. This should permit the outgoing thyristor to recover its blocking capability 
and thus make the conventional thyristor converter self-commutating. To achieve the ZCS 
condition the quality of the AC and DC voltage waveforms is somewhat reduced (from 
the optimum 60 to 48 pulse for the five-level reinjection scheme). If necessary larger zero- 
current regions can be achieved at the expense of further reduction in the harmonic reduction 
capability. 

Let us consider the circuit of Figure 7.25 operating in the steady state, with valve Sy, 
conducting. When the reinjection current forces the current of valve Sy, to zero, none of 
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the valves connected to the common cathode (CC) conduct and DC will continue to flow 
via the reinjection path. However, the next level of the multi-step reinjection current should 
force a change in DC current. This is prevented by the large DC reactor that develops the 
necessary transient emf (with negative polarity on the bridge CC bus) to ensure that the 
anode of Sy, becomes positive with respect to its cathode irrespective of the potential of the 
AC voltage. Therefore, provided that valve S,, has by then recovered its blocking capability, 
it is possible to turn on valve S), to provide a new path for the converter current. Thus the 
converter can commutate without the assistance of a turn-off pulse or a line commutating 
voltage, i.e. it can be of the conventional thyristor type. 

It is therefore possible to achieve self-commutation, as well as pulse multiplication, using 
conventional thyristors for the converters and GTOs (or IGCTs) for the reinjection switches. 
This alternative gives the thyristor converter similar flexibility as a forced commutated VSC, 
i.e. the ability to control both the DC voltage and current, with leading or lagging power 
factor, as well as reducing the harmonic content. In other words, it combines the benefits 
of the robust and efficient conventional converter and the controllability of the advanced 
self-commutated technology. This is an important breakthrough that should give greater 
flexibility to thyristor-based HVDC transmission. 


Theoretical waveforms of the self-commutating thyristor converter 


The circuit diagram of the self-commutating thyristor converter is the same as that of the 
GTO (or IGCT) configuration shown in Figure 7.25, the only difference being the replace- 
ment of the symbol of the self-commutating switches of the main converter by that of the 
thyristor. 

The following theoretical waveforms are shown in Figure 7.26 for the five-level reinjec- 
tion scheme of the modified Figure 7.25, for the case when the converter bridges operate 
with a firing angle of —45° (i.e. supplying reactive power, even though the switches are 
thyristors): 


(a) and (b) Jp, and Igy are the DC currents of the bridge converters modified by their 
respective reinjection currents /;, and 7;,. 


(c) and (d) Zaa and Zy are the phase ‘a’ currents in the secondary windings of the delta- 
and star-connected windings respectively. 


(e) J, is the phase ‘a’ current on the primary side of the converter transformer, i.e. the 
output current of the converter. 


(f) J,, is the harmonic spectrum of the output current. It shows that the 47th and 49th 
harmonic orders are prevalent, which indicates that the converter is on 48-pulse opera- 
tion. The THD of the output current waveform is 4 %. 


On the DC side, the reinjection circuit increases the pulse number of the voltage waveform 
by a factor of four, i.e. to 48 pulses per cycle (for the five-level reinjection configuration). 
It follows that the combination of a conventional thyristor converter and a self- 
commutated multi-level reinjection circuit can provide reactive power, as well as active 
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Figure 7.26 Theoretical current waveforms of the five-level reinjection CSC 
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power controllability. It also transforms the conventional CSC waveforms into multi-step AC 
and multi-pulse DC voltage waveforms. This applies equally to rectifier and inverter oper- 
ation and to variable frequency supplies. The power conversion efficiency is high, because 
the rectified harmonic power is reinjected into the DC system. Moreover, the larger number 
of taps of the multi-level arrangement does not greatly increase the total current rating of 
the reinjection switches, because the average currents of the individual reinjection switches 
reduce in inverse proportion to their number; of course the rms currents of the individual 
switches (and therefore the total rms current) will be higher than their average values. 


7.7.3 EMTDC Verification 


The converter system shown in Figure 7.25 (with the main converter switches replaced by 
thyristors) has been modelled in the EMTDC/PSCAD package. As in the theoretical model, 
the converter transformers are connected to an ideal three-phase voltage source and their 
leakage reactances are 5 % (based on 100 MW/100 KV). A series combination of resistance 
and smoothing inductance is connected on the DC side to provide a nominal 100 MW of 
DC power, while injecting 100 MVAR (which corresponds to a firing angle of —45?) to the 
AC system. 

Figures 7.27 and 7.28 show the steady-state waveforms on the AC and DC sides respec- 
tively. As in the theoretical case, the simulated output current (graph 7.27(e)) and its spectrum 
(graph 7.27(f)) show predominantly 48-pulse operation, with 4.65 96 of THD, as compared 
with the 4 % predicted by the theoretical analysis. 

The observed small content of 12-pulse related harmonics (i.e. 11 and 13 orders on the AC 
side and 12 on the DC side) was also present in the theoretical results. Its levels, however, 
are small (in the region of 1 96) and thus fall within prescribed harmonic standards. 

The main differences between the theoretical and simulated waveforms relate to the 
presence of snubber components in the PSCAD converter model, which introduce some 
waveform distortion in the current waveform. Also, though not shown in the figures, di/dt of 
the reinjection current steps introduces high-frequency oscillations in the converter terminal 
voltage and a small shunt capacitor is needed to eliminate them. 

Clearly the PSCAD simulation confirms that the series-connected double bridge thyristor 
converter commutates naturally even at negative firing angles, that it is capable of generating 
reactive power and that the AC and DC voltage waveforms are perfectly acceptable without 
the need for harmonic filters on either side of the converter. 


Dynamic performance 


EMTDC simulation is also used to illustrate the dynamic behaviour of the five-level MLCR- 
CSC shown in Figure 7.25, under the following conditions: power rating 100 MVA (provided 
by two 50MVA bridges); voltage rating 100 kV; interface transformer leakage reactance 
10 %; inductance (L,,) of the DC side tapped reactor 2 H. 

The reactor, used as a reinjection autotransformer, has five symmetrically arranged taps, 
and produces linear symmetrical current reinjection waveforms. 

The basic control structure of the MLCR-CSC for the control of the active and reactive 
power is shown in Figure 7.29, and that used for the real and imaginary current components 
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Simulated Current Waveforms of 5-Level Hybrid MLCR CSC 
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Figure 7.27 EMTDC simulation of the current waveforms of the CSC 
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Figure 7.28 EMTDC simulation of the DC voltage waveform of the CSC 
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Figure 7.29 MLCR-CSC block diagram for the control of the real and reactive powers 
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Figure 7.30 MLCR-CSC block diagram for the control of the real and imaginary currents 


is shown in Figure 7.30. The test carried out assumes that the converter is acting exclusively 
as a reactive power controller (i.e. in the STATCOM mode). 

Unlike the case of PWM-VSC, due to the low fundamental-frequency-related switching 
nature of MLCR, it is not possible in this case to exercise independent control of the 
amplitude and power angle. The only variable that controls the MLCR operation is 0 (the 
power factor angle). A similar situation occurred in the case of the MLVR-VSC configuration 
described earlier, where ô, the phase angle difference between the converter output voltage 
and the AC source voltage, was the unique control variable. However, in the latter case only 


MULTI-LEVEL CURRENT REINJECTION (MLCR) 219 


a relatively small variation of 6 was needed to achieve four-quadrant operation, whereas in 
MLCR this condition requires a variation of 0 in the range of +180°. Thus the relationships 
between 0 and [P, Q] are highly non-linear. This is shown by the following expressions 
derived from the block diagrams of Figures 7.29 and 7.30, where V, is the rms value of the 
converter terminal (phase-to-phase) voltage: 
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For the test case (STATCOM operation), only a small variation of 0 around +90° is needed 
to control the DC current. 

The amplitude increment or decrement of the DC load branch current Ipc depends on 
the polarity of the DC voltage across the load branch, which is proportional to the cosine 
function of 0 (Vp; = k, V, cos(0)), if the converter voltage V,, is kept constant and the losses 
in the smoothing reactor are ignored. 

However, the amplitude increment or decrement of the unidirectional DC cannot be solely 
determined by the polarity of the power angle increment around the +90° mark, because for 
+90° 


dV pc = d[k, V, cos(90° + A0)] ~ —k,V,d(A0) 
whereas for —90° 
dV pc = d[|k, V, cos(—90* + A0)] ~ k, V,d(A0) 
Thus the power angle increment A0 around +90° has to be coordinated with the converter 
operating condition to generate the appropriate polarity of A0. 
The simulation results shown in Figure 7.31 include: 
(a) the generated Q and Q,, y; 
(b) the average DC current and voltage; 
(c). (d), (e) the three-phase voltages and currents; 


(f) the DC voltage and three-phase currents (with the time scale reduced). 


The normalised bases for the waveforms in Figure 7.31 are 


MLCR-CSC STATCOM Operation Waveforms 
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100MVA for Q and Q,,, 


1004/2 
V3 
v3, _ 1 
v2" wa 
The reactive power order is changed four times (in full step) in a total time interval of 0.8 s. 


By an appropriate choice of parameters for the PI controller, MLCR responds to these orders 
very quickly and without steady error. 


kV for Vpc and V4, Vg, Ve 


kA for Ipc and 1,, Ig, Ic 


7.8 MLCR-CSC Versus MLVR-VSC 


In common with other multi-level schemes, both MLCR and MLVR avoid high dv/dt rates. 
The MLCR alternative is better suited to large HVDC transmission schemes for the 
following reasons: 


e The provision of a close to ZCS condition of the valves in the main bridges eliminates 
the need for the interfacing capacitor, normally required to absorb the inductive energy 
stored in the AC system during the commutation period. 


e Moreover, MLCR offers the interesting possibility of using conventional thyristor bridges, 
because the reinjection current waveform can be controlled to force the bridge currents 
completely to zero during the commutation process. 


e The absence of shunt capacitance at the converter terminals eliminates the risk of 
harmonic parallel resonances, a common occurrence in line-commutated conversion. 


e The problem of capacitor balancing of MLVR configurations does not apply to the 
MLCR alternatives. 


e MLCR is capable of supplying balanced current under symmetrical and asymmetrical 
AC source conditions, even during faults. 


e The MLCR circuit is placed in the main power flow path and, therefore the reinjection 
switches are rated for low voltage and high current. 


e The interface transformer of a six-pulse converter MLVR requires a path for the triple 
fluxes generated by triple harmonic voltage components. Such is not the case with MLCR, 
which generates triplen harmonic current but no triplen harmonic voltage components; 
therefore, there is no special requirement for the interface transformer in this case. 
This, however, is not an important issue for high power applications because the 12- 
pulse configuration is always the preferred option. For the 12-pulse MLVR the interface 
transformers have to be separated and connected in series, whereas in the 12-pulse MLCR 
the two bridges can be powered by a common transformer with a set of primary windings 
and two sets of isolated secondary windings. 


222 MULTI-LEVEL DC REINJECTION 


The power losses in a DC reactor are much higher than those in a DC capacitor. However, 
the size of the DC reactor can be reduced due to the high frequency voltage across the 
reactor (for a level number m, the DC voltage ripple frequency of the MLCR is 12(m — 1) 
for the 12-pulse system). 


MLCR does not suffer from high currents during DC faults, because the rate of rise of 
current during disturbances is limited by the DC smoothing reactor and the fault current can 
be suppressed by control action. Instead, the MLCR experiences high overvoltages across 
the DC reactor induced by the fault current. In MLVR, on the other hand, the capacitor 
di/dt is high during DC faults and is more likely to damage the switching devices. 
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8 


Line-Commutated CSC 
Transmission 


8.1 Introduction 


As explained in Chapter 3, CSC is the more practical solution for use with line-commutated 
conversion (LCC) and has, therefore, been the configuration adopted in conventional 
(thyristor-based) HVDC transmission. The capacity installed worldwide has already reached 
75 GW in 92 projects, at voltage levels of up to +600kV, and new schemes continue to 
be added. 

DC transmission results in lower losses than equivalent AC lines, but because of the 
converter plant required at the terminals, it is only viable when the distance involved is 
long and the amount of power to be transferred large. However, substantial progress made 
in the ratings and characteristics of the thyristor valve has reduced the so-called break-even 
distance and increased the competitiveness of DC schemes. Moreover, HVDC links, with 
or without transmission distance, can be justified for the interconnection of AC systems of 
different frequencies or different frequency control philosophies. A detailed discussion of 
the place of HVDC in modern power systems is given in [1] and [2]. 

With the development of reliable and more flexible self-commutating conversion, CSC- 
LCC technology is encountering increasing competition from PWM-VSC transmission 
(discussed in Chapter 10) for low and medium power ratings. Despite its relatively low flex- 
ibility in respect to the control of reactive power, the thyristor-based line-commutated CSC 
transmission is still the only practical option for very large-power transmission schemes. 

The main recent developments in LCC transmission are taking place in India and China, 
which are becoming the world’s larger users of HVDC. In China the first stage of the Three 
Gorges scheme, a 1060km, 3000 MW link completed in 2004, includes the largest HVDC 
converter (1500 MW, 500kV). The final HVDC capacity of this project, expected to be 
achieved by 2009, is 18 200 MW. 


Flexible Power Transmission: The HVDC Options J. Arrillaga, Y.H. Liu and N.R. Watson 
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8.2 The Line-Commutated HVDC Converter 


The main electrical components of each pole of the HVDC converter station are shown in 
the circuit diagram of Figure 8.1 [3]. All the components enclosed within the thick rectangle 
are located inside the valve building. 

The switching components on the AC side of the converters, i.e. isolators and circuit 
breakers, are of conventional design. The switches on the DC side consist of minimum oil 
circuit breakers, capable of interrupting small currents for the switching of the neutral bus 
load and for the changeover from single pole metallic return to bipolar operation. Also, to 
limit inrush currents and overvoltages during transformer energisation, the converter breakers 
are provided with pre-insertion resistors. 

The measuring equipment, including a voltage divider, current measuring transducers and 
current transformers, provides the necessary input signals for the control and protection 
circuits. 

A typical layout for a 1000 MW bipolar HVDC station [4], shown in Figure 8.2, illustrates 
that the major proportion of the space is taken up by the external plant components and 
particularly the capacitors used as part of the harmonic filters and for voltage support. 

Figure 8.3 shows a three-dimensional view of the valve hall. The transformers (on the 
right of the picture) and the smoothing reactor (on the left) are placed close to the hall 
walls with their bushings passing through the wall. The floor area of the valves, services 
and control rooms is only a small fraction of the total station area. The auxiliary power 
equipment used for cooling and air-conditioning is placed immediately under the valve hall. 
The building normally contains a steel structure designed to act as a Faraday cage to reduce 
electromagnetic radiation from the valve hall which might cause radio interference. 


Figure 8.1 Typical circuit diagram for one pole of a converter station (Arrillaga, J. (1983), HVDC 
Transmission, IEE Power Engineering series 6, reproduced by permission of the IET.) 


THE LINE-COMMUTATED HVDC CONVERTER 227 


ILI ee D OOR | E 
| 1 DP AR 1 2) 
a 


| ti Il  T[]7 
mm 
of TL. 


=m 

RE 

Do 
D 
n 


Figure 8.2 Station layout for a bipolar HVDC station: 1, DC and electrode lines; 2, DC switchyard; 
3, DC smoothing reactors; 4, valve hall, pole 1; 5, service building with control room; 6, valve 
hall, pole 2; 7, converter transformers; 8, AC harmonic filters; 9, high-pass filter; 10, 11th harmonic 
filter; 11, 13th harmonic filter; 12, shunt capacitors; 13, AC switchyard (Arrillaga, J. (1983), HVDC 
Transmission, IEE Power Engineering series 6, reproduced by permission of the IET.) 


The high-voltage thyristor valves 


The application of semiconductor technology to HVDC transmission has been made possible 
by the development of reliable series-connected structures of individual devices. 

A large number of thyristors in series are required to provide the complete valve with the 
necessary voltage rating. Series connection of thyristors requires components to be added 
to the valve to distribute the off-state voltage uniformly between the individual units. Thus 
each thyristor is served by several passive components, not only to ensure that this voltage 
sharing is achieved, but also to protect individual thyristors from overvoltage, excessive 
rate or rise of voltage (dv/dt) and rate of rise of inrush current (di/dt). The thyristor switch, 
together with its local voltage grading and triggering circuit, is known as a thyristor level. 

The electrical circuit of a thyristor level is shown in Figure 8.4 and forms the basic 
*building block’ of a valve. 
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Figure 8.3 Cutaway view of the valve hall showing the locations of the major components 
(Arrillaga, J. (1998), HVDC Transmission, second edition, IEE Power and Energy series 29, reproduced 
by permission of the IET.) 
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Figure 8.4 Components of a thyristor level (Arrillaga, J. (1998), HVDC Transmission, second 
edition, IEE Power and Energy series 29, reproduced by permission of the IET.) 
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The function of the saturating reactor is to present a large inductance in series with 
the stray capacitances of the external circuit. This is necessary to protect the thyristors 
from damage immediately after firing. However, too much inductance is itself undesirable, 
because it increases the reactive power absorbed by the converter. The saturating reactor 
avoids this problem by exhibiting high inductance only at low current. At full load current 
the effect of the reactor becomes negligible. 

Voltage distribution is achieved by several components, acting over different frequency 
ranges. Direct voltage is distributed by a ‘DC grading resistor’ (Rg). Voltage distribution in 
the range from power frequency up to a few kilohertz is controlled by a complementary pair 
of RC grading circuits (Rp and Cp). This frequency range includes the natural frequency 
which characterises the voltage oscillation encountered when valves turn off at the end of 
a conduction interval. The component values are chosen to minimise the magnitude of this 
voltage overshoot. 

Insulation failures within the converter can subject the valve to voltage oscillations 
of much higher frequency, at which these RC circuits cease to be effective. To ensure 
that no thyristor level experiences an unduly severe voltage during such events, a capac- 
itive grading circuit is also included. This ‘fast-grading capacitor’ (Cpg) is arranged to 
discharge via part of the saturating reactor in order to limit its contribution to thyristor inrush 
current. 

Normally the thyristor is triggered into conduction at a particular ‘point on wave’ deter- 
mined by the control system. The command to fire the valve is sent as an optical signal 
from a ‘valve base electronics’ cubicle at earth potential to every thyristor in the valve, via 
individual optical fibres. The optical signals are decoded by a ‘gate electronics’ unit located 
adjacent to each thyristor, which then generates a pulse of current to trigger the thyristor. The 
gate electronics derives the (small) power necessary for its operation from the displacement 
current in the RC grading circuit during the off-state interval. 

Thyristors could be damaged by excessive forward voltage or forward dv/dt. However, 
they can be protected by arranging for the gate electronics to trigger the thyristor into 
conduction independently of the central control system. 

In marginal cases, some thyristors may block forward voltage while others do not. In 
the limit, this could result in the whole of the valve-winding voltage being applied to a 
single thyristor, so that the thyristor would be destroyed if it were not protected. However, 
this is prevented by a back-up triggering system, which consists of a series string of small 
overvoltage-triggered thyristors, connected from the anode to the gate of the main thyristor 
via a current limiting resistor. When the forward voltage across the main thyristor threatens 
to exceed the maximum safe value, the semiconductor elements of the break-over diode 
conduct, and pass a heavy pulse of current to the gate of the main thyristor, triggering 
it rapidly into conduction. If the thyristor-level components are suitably rated, the break- 
over diode can operate repetitively in the event of a failure of the gate electronics, thereby 
preventing consequential failure of the thyristor. 

By connecting a suitable number of thyristor levels in series, a valve of the necessary 
voltage rating can be constructed. The number of series-connected thyristors required to meet 
the operating conditions for a particular scheme is determined by the protective level of the 
arrester and a test withstand margin (typically 15 %). Extra redundant levels are included to 
allow the equipment to remain in service after a small number of thyristor failures. 

The power thyristors used in the valves are constructed from monocrystalline silicon 
wafers over 100 mm in diameter. Thyristors of this type require a very high clamping pressure 
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to maintain adequate thermal and electrical contact between the silicon and the electrical 
connections and heat sinks. Removal of a thyristor is accomplished by using a hydraulic 
tool to separate the two heat sinks which are in contact with the particular thyristor while 
retaining sufficient clamping force on the other thyristor to ensure that its pressure contacts 
are not compromised. A particular advantage of this system is that it is not necessary to 
open either the power circuit or the cooling circuit in order to replace a thyristor. 

The thyristors produce considerable heat loss, typically 30 to 40 W/cm? (or over 1 MW for 
a typical quadruple valve), and an efficient cooling system is thus essential. Each thyristor 
unit is normally provided with a double heat sink and the heat is taken away from the sinks by 
circulating water. High-purity water combines superb cooling with high dielectric strength. 
The purity of the water must be very high to remove all ionic components, which would 
otherwise cause the coolant to bypass the electrical insulation of the valve. The liquid coolant 
is distributed to every thyristor level in the valve through electrically insulating polyethylene 
hoses. Water cooling systems, however, require careful design to prevent leakage (which 
would have disastrous consequences) and corrosion. 

Feedback signals make it possible to monitor the state of each individual thyristor. Micro- 
computers are used in the control room to process the information from the valve. A faulty 
thyristor is immediately detected and the exact position of the defective thyristor is reported. 
Since each valve contains a somewhat larger number of thyristors than are actually needed, 
the converter can continue to operate, even if some thyristors are defective; these are only 
replaced during the planned regular maintenance. 

The auxiliary power needed for the thyristor firing is obtained from the voltage across the 
thyristor. 

Self-protected light-triggered thyristors are now available and their use reduces the number 
of valve components, the valve-tier volume and the valve cost. It also improves the thyristor- 
level reliability. The electrically triggered thyristors require a local electronics unit for the 
generation of trigger pulses as well as protection and monitoring. All signal communication 
within and to the valves across potential differences is performed using light pulses trans- 
mitted by light guides (fibre optics). This applies to both the firing signals for the individual 
thyristors in the valve and the feedback signals from each thyristor level to the valve control 
equipment. 


Converter transformers 


The converter transformers are mostly of conventional design. The standard 12-pulse 
converter configuration can be obtained with any of the following arrangements: 


e six single phase two-winding; 

e three single phase three-winding; 

e two three-phase two-winding. 

Star or delta connections are exclusively used for the above configurations. In conventional 


transformers the insulation gap between winding and yoke is relatively small, as the winding 
part with potentials close to ground are situated very close to the yoke. In the case of 
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a converter transformer this is not possible, since the potentials of its connections are 
determined by the combination of conducting valves at any particular instant, and the entire 
winding must be fully insulated. As a result of the insulation the radial leakage flux at the 
ends of the windings increases. 

As the leakage flux of a converter transformer contains very large harmonic content, it 
produces greater eddy-current loss and hot spots in the transformer tank. 

Apart from the normal AC insulation requirement, the converter transformer is subjected 
to a direct voltage depending on its position with respect to the ground. 

When a short-circuit fault occurs across a valve arm, the fault current is predominantly 
limited by the converter transformer impedance, whose minimum value is determined by 
the allowable surge on-state current of the thyristor units. Thus the converter transformer 
leakage impedances are normally larger than those of conventional transformers. On-load 
tap-changing (OLTC) is normally used to reduce the steady-state demand of reactive power. 
The tap-changer is the most critical mechanical device of the HVDC station, the number of 
operations being much greater than those of OLTC used in conventional AC systems. 

Other important considerations are the shipping weight and dimensional limitations, partic- 
ularly in modern converter stations where the valve size is no longer a limitation. 


Harmonic filters 


The justification for the use of harmonic filters has already been made in Chapter 3. In the 
converter layout of Figure 8.2 there are two sets of harmonic filters on the AC side; they 
consist of tuned branches for the 11th and 13th harmonics and a high-pass branch, typically 
tuned to the 24th harmonic. Extra shunt capacitors are often needed, when the AC system 
cannot provide the necessary additional reactive power more economically. Generally, a 
high-pass DC filter tuned to the 12th harmonic is also placed on the DC side of the converter. 

The design of the AC filters is a complex exercise that must take into consideration the 
harmonic impedances of the AC system under all possible operating conditions as well as 
the detuning effects of frequency excursions and filter component variations. The subject is 
discussed in some detail in [1] and a more comprehensive study of the subject can be found 
in [5]. 

A new concept referred to as ConTune AC filter [6] has been developed to improve 
the quality factor for best filtering performance and reduce the filter losses. In this case 
the tuning frequency is automatically adjusted to provide perfect tuning irrespective of the 
varying system and filter component conditions. This development is described in more 
detail in Chapter 9. 


Smoothing reactors 


While the current waveform on the DC side improves with increasing inductance, the control 
response slows down and the resonance frequency reduces, making the stabilisation of 
current control more difficult. 

The main purpose of the smoothing reactor is to reduce the rate of rise of DC following 
disturbances on either side of the converter. This in turn reduces the number of commutation 
failures following AC voltage reductions and limits the current peak seen by the rectifying 
station during DC line short circuits. The second task of the reactor is to reduce the levels of 
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voltage and current harmonics on the DC line and the transfer of non-harmonic frequencies 
between the two interconnected AC systems. 

In back-to-back interconnections the absence of DC short circuits and the lack of interfer- 
ence from DC side harmonics permit a reduction in the reactor’s size and even its elimination, 
but the other effects indicated above still need to be considered when deciding the reactor’s 
size. A judicious choice of reactor inductance will shift the DC side series resonant frequency 
away from the low-order harmonic. This is particularly important to avoid a fundamental 
frequency resonant condition, which has been one of the causes of converter transformer 
saturation, as explained in Section 3.11. 

To be effective, the reactor inductance must maintain its value under short-circuit currents 
and therefore a partial or total air-core construction is used to achieve a linear magnetising 
characteristic. 

Although the reactor cost reduces if located on the ground side of the converter, there is 
a need to protect the converter from lightning surges; this requires some inductance on the 
high-voltage side. Thus in general the location of a single reactor on the line side proves to 
be a more economical solution. 


8.3 HVDC Converter Disturbances 


According to the origin of the malfunction, converter disturbances can be divided into three 
broad groups: 


1. Malfunction of the valves or their associated equipment. The main types are: misfire, 
firethrough and backfire (only in mercury arc valves). 


2. Commutation failure, the most common disturbance during inverter operation. This fault 
often follows other internal or external disturbances. 


3. Short circuits within the converter station. Although these faults are rare, they must be 
taken into consideration in converter design. 


Misfire and firethrough 


Misfire is the failure to fire a valve during a scheduled conducting period and firethrough 
is the failure to block a valve during a scheduled non-conducting period. These faults are 
caused by various malfunctions in the control and firing equipment and their effect is more 
critical when they occur at the inverter end. With rectifier operation they do not constitute a 
serious disturbance unless they are sustained, in which case they can introduce voltage and 
current oscillations on the DC side. 


Commutation failure 


This fault is the result of a failure of the incoming valve to take over the DC before 
the commutating voltage reverses its polarity, taking into account the need for sufficient 
extinction time. A true commutation failure is due to varying conditions in the external 
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AC or DC circuits combined with inadequate predictive control of the inverter extinction 
angle. Either a low alternating voltage or high DC, or both, can prevent completion of the 
commutation process in sufficient time for safe commutation; in such cases the DC current 
is shifted back from the incoming valve to the previously conducting valve. 

Moreover, due to the DC rise, caused by the temporary DC voltage collapse at the inverter 
end, the subsequent commutation may also be unsuccessful, thus causing a double successive 
commutation failure. In this case the inverter output voltage V; reverses for nearly half a cycle. 

As a result of the DC short circuit at the inverter end, the transformer is either partially 
or totally bypassed and the DC line current exceeds the current in the AC lines. This effect 
has been used to detect the occurrence of commutation failures. 

In practice, following the detection of a commutation failure, the next firing instant is 
advanced by the constant extinction angle control. If the failure is caused by low alternating 
voltage following an AC disturbance, upon clearance of the disturbance the normal voltage 
will return and prevent further commutation failures. However, in the event of recurring 
commutation failures the valve group should be blocked. This action is often combined with 
bridge or valve group bypass in the case of a multi-group converter station. 

The probability of commutation failure can be reduced by increasing the minimum extinc- 
tion angle allowed in normal operation. This, however, increases the VAR compensation 
required and a compromise is reached where a reasonably low probability of commuta- 
tion failure is acceptable. As a guideline, the minimum margin angle is fixed to avoid 
commutation failures during voltage reductions of up to 15 %. 


Internal short circuit 


Although rare, short circuits can occur at various locations of the converter station. They 
can be caused by maloperation of earthing switches, deteriorating insulators or surge arrester 
failures, particularly during transient overvoltages. 

A flashover across a non-conducting valve produces a phase-to-phase short circuit with a 
very large overcurrent on the conducting valve. 

The largest stress is produced during rectification with a small firing delay, and the worst 
instant is immediately after a commutation, in which case the valve current is limited only 
by the transformer leakage reactance and the system source impedance. 


Bypass action 


Many of the valve faults are of a temporary nature and can be eliminated by a temporary 
absence of conduction. This is achieved by a bypass scheme, such that one of the main 
bridge arms provides the necessary bypass for the DC. Blocking of a converter through 
bypass pairs involves blocking of the main firing pulses and the simultaneous injection of 
continuous firing pulses to a bypass pair. Resumption of normal operation simply demands 
the restoration of firing pulses with suppression of the blocking pulses. 


8.4 Structure of the HVDC Link 


Modern DC schemes are designed exclusively for 12-pulse operation. A single line 
diagram of a typical HVDC link [3] is illustrated in Figure 8.5. The scheme includes 
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Figure 8.6 Schematic arrangement of converter equipment for one pole (Arrillaga, J. (1998), ‘HVDC 
Transmission’, second edition, IEE Power and Energy series 29, reproduced by permission of the IET.) 


two valve groups at each end, each valve group consisting of two series-connected six-pulse 
bridges supplied from two converter transformers. The transformers are connected in star—star 
and star-delta, respectively, to provide the necessary 30° phase shift for 12-pulse operation. 

A three-phase diagram of one pole of a DC link is shown in Figure 8.6, giving details of 
the converter and valve overvoltage protection. Besides the extensive protective measures 
incorporated at the individual thyristor level, it is necessary to provide overall valve protection 
against reverse overvoltage. Figure 8.6 shows that this is accomplished by connecting a 
gapless metal-oxide surge arrester across the valve. This surge arrester constitutes the 
primary protection of the valve against overvoltages of external origin. The arrester has to 
withstand continuous operation while subjected to the valve off-state voltage, including the 
periodic switching transients occurring every cycle. The arrester provides a protective level 
typically around 70 96 higher than the peak of the normal operating voltage of the valve. 


Overhead lines 


The first consideration in DC transmission design is the possibility of using the ground as a 
conductor. Whenever this is possible, a monopolar transmission scheme will provide a very 
economical solution. In general, however, the use of ground as a permanent conductor is 
rarely permitted and a bipolar arrangement is used with equal currents in the two conductors. 
Normally, if one of the conductors fails, the temporary use of ground return is permitted. 

The basic principles determining the dimensioning of overhead lines and hence the towers 
are very much the same for AC and DC transmission. Therefore the tower designs for DC 
transmission are very similar to those of AC lines. 

However, the power carrying capability of DC lines is substantially increased with respect 
to that of AC and this reduces the land use and visual effect considerably. This effect 
is illustrated in Figure 8.7 for the 3000MW transmission corridor of the Three Gorge 
transmission scheme in China. 
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Figure 8.7 Artist's view of the Three Gorges transmission corridor using either DC or AC lines 
(Reproduced by permission of ABB.) 


For DC lines the number of insulators required is usually determined by the DC voltage 
withstand level under contaminated conditions rather than on switching surge or impulse 
flashover performance unless the pollution levels are very low. 

The need for ground wires is less justified in DC lines, because (with bipolar lines) only 
half of the power is affected by a line fault, and the fault current can be kept under control 
without the need for mechanical switching. However, ground wires are often used because 
they relieve some of the harmonic currents flowing through the ground and thus reduce 
telephone interference. 

The choice of conductors depends largely on corona and field-effect considerations. Those 
effects, however, are not expected to be a special problem for DC voltages up to 1200 KV. 
The critical design parameters with respect to corona are radio interference and audible noise, 
although the corona losses will obviously play a part in the economic choice of conductor. 
The existence of ion currents under the lines is a characteristic of HVDC transmission, 
but the magnitude of touch potentials (from an insulated person touching a ground object) 
appears to be considerably lower under DC lines than those which occur under corresponding 
AC voltage lines. 


Cable transmission 


In contrast to overhead line insulators, in which the breakdown can occur through flashover 
on the outside, cable breakdown occurs due to puncture through the insulation and this is 
where DC has a major advantage over AC. Mainly due to the absence of ionic motion in 
the DC cable insulation, the working stress of oil-impregnated paper-insulated cables can 
be as high as 30 to 40kV/mm under DC compared with 10kV/mm under AC, but the 
great majority of those in operation are in the 25 to 30kV range, which still provides a 
substantial advantage over AC cable insulation. Due to thermal limitations, the power rating 
of AC cables only increases approximately in proportion to the voltage, while the charging 
current increases with the distance and with the square of the voltage. Consequently, unlike 
overhead transmissions, AC transmission by cable uses relatively low voltages, except for 
very short distances (mainly on submarine crossings). Also, considerable currents circulate 
in the sheaths and reinforcing materials, which increase the thermal losses; these losses are 
often reduced by cross-bonding of cable sheaths, an expensive solution. Forced cooling of 
the conductors is thus necessary, even at moderate power levels, and cooling stations are 
also needed along the route. 

Moreover, solid insulated DC cables can be manufactured for much higher voltages, with 
considerable reduction in the number of cables needed for a given power rating; this results 
in less repair problems and way-leave requirements. 
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Apart from the reduction in losses, resulting from the absence of any appreciable current 
in the sheaths and reinforcing materials, DC cables are subjected to less overcurrent stresses. 

Limitations in DC cable ratings have often introduced restrictions on converter station 
configurations. For instance, the 2000 MW Cross-Channel HVDC link between England and 
France employs two bipolar links rather than a multi-bridge configuration. The scheme uses 
eight DC cables rated at 270 kV and 2000 A, buried in four trenches dug into the sea bed to 
avoid damage by anchors. 

As the number of HVDC projects using submarine cables increases, more economical 
designs (requiring increased operating voltages) are being developed, because the cost of 
DC cables as a proportion of the total cost of the schemes is high. The transient overvoltage 
stresses, although of major concern, can be controlled with overvoltage limiting devices. 

There are three types of paper-insulated DC cables, oil-filled, gas-pressurised and mass- 
impregnated, often referred to as solid cables. XLPE is a fourth type, at the time of writing 
only used in one installation, at 150 kV DC. 

The great bulk of cables is of the mass-impregnated type, in operation at voltages up 
to 450kV DC. This design of cable is usually cheaper to manufacture than either oil- 
filled/pressurised or gas-pressurised cable and is not restricted in length by the need for 
intermediate pressure/feeding stations. A cross-section of the cable used in the New Zealand 
DC link upgrade (rated 350kV and 500 MW) is shown in Figure 8.8. 

Oil-pressurised and gas-pressurised cables can withstand higher insulation working stresses 
than mass-impregnated cables, of the order of up to 50 % higher. Whereas oil-filled cables 
have generally been limited in length to a few tens of kilometres, a flat-sided, oval-shaped, oil- 
filled cable 120 km long has been developed for 400 kV DC, across land (without intermediate 
pressure/feeding stations) and installed in a commercial project (Kontek). In this design of 
cable, two insulated cores (operated in parallel) are arranged within a common lead sheath 
and outer reinforcing tapes and insulation, which forms the flat-sided oval construction. This 
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Figure 8.8 Cross-section of a 350kV mass-impregnated cable (Arrillaga, J. (1998), HVDC Trans- 
mission, second edition, IEE Power and Energy series 29, reproduced by permission of the IET.) 
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allows volumetric expansion of the cable and limits the internal pressure rise to a fraction 
of that of single core round-cable design. 

While the overall length of present DC cable connections spans from around 30km 
to 250km, there is no known limitation for lengths above 250km. A contract has been 
recently placed with ABB for a 580km submarine interconnection between Norway and 
The Netherlands (NorNed) with a rating of 700 MW at +450kV. The maximum sea depth is 
currently 500 m, but tests have been made on cables for 2000 m depth; apart from the heavy 
armour required for deep cables, no other limitations are presently known in this respect. 
On the other hand, in shallow waters, cables must be protected against mechanical damage. 
The cost advantage of mass-impregnated, paper-insulated cables and their applicability to 
submarine installations at great depth makes them very suitable for these applications. 


Earth electrodes 


The resistivity of the upper earth layer is typically of the order of 4000 O m and, therefore, 
the electrodes cannot be placed directly in contact with earth of such high resistance. They are 
not placed at the converter station to prevent some current entering the converter transformers 
via the primary neutral causing DC saturation. Other technical reasons influencing the siting 
of the electrodes are: 


e the possibility of DC ripple interfering with power systems, telephone systems, rail- 
ways, etc.; 


e metallic corrosion caused by DC in equipment in contact with earth, such as cable sheaths 
and pipes. 


Consequently the earth electrodes must be placed in an area of sufficient thickness and 
conductivity and sufficiently distant from urban areas, pipelines, etc. An electrode line is 
normally laid to carry any earth current to a convenient distant point with low resistivity. 
To reduce transient overvoltage during line faults a separate right of way is normally used 
for the electrode line. 

With electrodes of low resistance located in low-resistivity earth layers resulting in low 
DC electric potentials and potential gradients at the surface of the earth, the following 
advantages can be achieved: 


e the electrode can be placed closer to the converter station; 
e shorter electrode line; 

e reduced power losses; 

e reduced interference in the vicinity of the electrode; 


e further opportunities to use monopolar HVDC transmission. 
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Kimbark [7] and Uhlmann [8] have given considerable coverage to the experience gathered 
on the subject of earth resistivity and current distribution in the ground. Such information 
has been used in the design of electrodes. 


8.5 DC System Configurations 


The simplest HVDC scheme, shown in Figure 8.9(a), is a monopolar configuration with 
ground return. It consists of a single conductor connecting one or more 12-pulse converter 
units in series or parallel at each end and uses either sea or earth return. An electrode is 
required at each end of the line. Because of magnetic interference and corrosion problems, 
ground return is rarely permitted and metallic return is used instead. Both configurations 


Figure 8.9 Basic HVDC configurations (Arrillaga, J. (1998), HVDC Transmission, second edition, 
IEE Power and Energy series 29, reproduced by permission of the IET.) 
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require a DC smoothing reactor at each end of the HVDC line, usually located on the 
high-voltage side and, if the line is overhead, DC filters are normally required. 

A bipolar HVDC system (shown in Figure 8.9(b)) consists of two 12-pulse converter 
units in series with electrode lines and ground electrodes at each end and two conductors, 
one with positive and the other with negative polarity to ground for power flow in one 
direction. For bidirectional flow, the two conductors reverse their polarities. With both 
poles in operation, the imbalance current flow in the ground path can be held to a very 
low value. 

The extension of HVDC technology to multi-terminal configurations has been discussed 
for over four decades, the interest peaking in the 1980s. However, only one fully multi- 
terminal scheme was constructed for commercial operation. Its object was to convert the 
Hydro-Quebec-New England link (commissioned in 1986) into a five-terminal scheme with 
the addition of three further terminals. However, the original two-terminal link (between Des 
Cantons and Comerford) was never integrated into the multi-terminal DC network because 
of anticipated performance problems. No other (higher than three) multi-terminal scheme has 
been considered since then using CSC. Accepting that three terminals is the only practical 
multi-terminal option, when at the planning stage a third terminal extension is to be made 
in the future, this must be taken into account in the initial cost comparison between the AC 
and DC alternatives, because the tapping is equivalent to reducing the transmission distance, 
which makes the DC solution less competitive. 

Normally the power rating of a proposed third-terminal tap is relatively small compared 
with the main transmission link and, therefore, the high transmission voltages of the bipolar 
interconnection will require expensive converter equipment for the parallel connected third 
terminal (shown in Figure 8.9(c)). To try and reduce the cost, consideration has also been 
given to the use of series tapping of the additional terminal (as shown in Figure 8.9(d)). There 
have been many contributions on the series tapping concept to show that it is technically 
feasible, but none has been built so far. 


Back-to-back interconnections 


The power handling capacity of a thyristor increases with increasing current. For the largest 
sizes presently used in HVDC schemes the use of water cooling permits higher current 
ratings. However, in two-terminal transmission schemes, the rated voltage and current values 
are mainly determined by the transmission line, which means that it may often not be possible 
to utilise fully the capacity of modern large thyristors. 

In a back-to-back link there are no such external requirements and it is therefore possible 
to utilise the thyristors optimally, which means a high current and a low voltage. This will 
minimise the number of thyristors, and thereby also the valve cost. Other voltage-dependent 
costs will also be reduced, for instance those of the building and the transformers. As an 
example, a 500 MW back-to-back unit will, for DC of 3000 A, require a direct voltage of 
only 167 kV. 

In these systems, the optimisation of the whole station regarding voltage and current ratings 
for a given power in order to achieve the lowest life cycle cost is a straightforward procedure. 
Generally, the DC voltage is low and the thyristor valve current high in comparison with 
HVDC long-distance interconnections. The main reason is that, on the one hand, valve costs 
are much more voltage dependent as the higher voltage increases the number of thyristors 
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and, on the other, the highest possible current adds very little extra cost to the price of an 
individual thyristor. 

The circuitry of a back-to-back link does not differ very much from that of two 
separate terminals. The main difference is that the transmission line is eliminated and, 
consequently, some DC equipment can be avoided or shared by the rectifier and the 
inverter. 

The quadri-valve 12-pulse group is suitable also for a back-to-back station. With the 
back-to-back circuitry the two valve halls can be combined into one, with the DC loop 
maintained inside the hall and with transformers on both sides of the building. 

Considering the cost-benefit of the back-to-back solution, zero-distance interconnections 
are often preferred when planning HVDC transmission between two asynchronous systems. 

North America and India have already made extensive use of the back-to-back solution, 
as shown in Figure 8.10. 

For relatively small ratings (say 50-100 MW) the back-to-back links are of monopolar 
design and usually include a smoothing reactor. Bipolar configurations with or without 
smoothing reactors are used for large interconnections (of 500 MW and over). 

The valves of both converters of the back-to-back scheme can be located in the same 
valve hall together with their controls, cooling and other auxiliary services. 
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Figure 8.10 LCC HVDC link interconnections in India (a) and North America (b) (Arrillaga, J. 
(1998), HVDC Transmission, second edition, IEE Power and Energy series 29, reproduced by permis- 
sion of the IET.) 


242 LINE-COMMUTATED CSC TRANSMISSION 


9-9 back-back HVDC tie 
tHE HVDC line 


Figure 8.10 (Continued) 


8.6 DC System Control and Operation 
8.6.1 General Philosophy 


From an operational point of view, the use of constant current control provides greater 
safeguard against disturbances. Therefore, if there is a choice and the economics are right, 
constant current should be used as the basic control philosophy. This, however, is not 
possible with conventional AC power systems which, being normally multi-ended, require 
reasonably constant voltages at points of common coupling. 

Present DC schemes consist of point-to-point system interconnections and constancy of 
DC voltage levels is not a primary consideration because these are not directly available 
to consumers. There are, however, other considerations influencing the control philosophy, 
among them featuring prominently the overvoltages resulting from open-circuiting and load 
rejections and the high resistive losses resulting from constant current transmission at low 
power levels. 

A hybrid voltage/current philosophy is possible with CSC-HVDC transmission to suit the 
needs of the particular operating conditions. This is achieved by adjusting the DC voltage 
levels on both sides of the link, by means of OLTC control on the steady state, and by 
thyristor control following large or small changes of operating conditions at either end of the 
link. The DC is limited only by the small resistance of the transmission line and is therefore 
very sensitive to such variations. 

It will be shown in the following sections that the provision of current controllers at 
both ends, combined with transformer OLTC, offers a perfectly satisfactory solution to this 
problem; thus the use of current control is universally accepted in LCC HVDC transmission. 
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8.6.2 Different Control Levels 


The control system of a DC converter station has a structured hierarchy with three layers 
designated as overall station, pole and converter unit controls: 


Overall station control: This layer coordinates the power orders and distributes them to 
the pole control. These orders are generated in response to the required power transfer 
and other supplementary controls, such as system frequency control, system damping or 
combinations of them. The overall control also looks after the switching of harmonic 
filters and shunt capacitors as required by changing operating conditions. 


Pole controls: The pole control layer derives the firing order of the pole converters 
following a power or a DC voltage order. 


Converter unit controls: This layer is used to control the firing instants of the valves 
within a bridge and to define the yọ and Qnin limits. 


8.6.3 Overall Control Coordination 


The overall control coordination of the Nelson River project [9], illustrated in the simplified 
diagram of Figure 8.11, is an ideal case to describe the degree of dynamic interaction which 


can be achieved in a DC transmission system: 


Long 
Kettle spruce 
" $ Henday 
Radisson > 
(Rect.) Bipole 1 Bipole 2 (Rect.) >! 
RE RR RR A a! 
319 
Su 
T 1 


Rad 
Freq. 
[y] 
m 

S a 


SEFC 


Current Jp, 
Order 
i 
V 
a 
5 
< 
jw] 
e 
a 
oO 
& 
a 
i=] 
< 
a 
V 
g“ 
Current 
Order Ip, 
[27 
tri 
E 
p 


L 
— —»| Master power |~<——[j REFC REDC| [REDC [REFC [| Master power |-*— 
FBCC controller | »| controller FBCC 
bipole 1 p a — o l bipole 2 — 
| i EPOT Á | 
"i All 
ti 
ocator Po 
H.v.d.c. power Under 
Bipole 1 reduction for voltage. D.C. Bipole 2 
e : : pole 
power order n a P: reduction power ordet 
LITE 
Ont. U.S.230 U.S.500 Dorsey 230 kv 
ties kvTies kvTie volts 


Figure 8.11 A simplified schematic of controls on the Nelson River HVDC link (Arrillaga, J. (1983), 
HVDC Transmission, IEE Power Engineering series 6, reproduced by permission of the IET.) 
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e The master power controller is designed to accept a power order (P,;) from the operator 
or the automatic generation control. This power order is divided by the measured bipole 
voltage (V) to determine the current order (1, ). 


* A frequency-based capability control (FBCC) provides protection against HVDC 
collector system overloading. DC power is reduced if the collector system frequency 
drops below 59 Hz. 


e Anexcess power order transfer (EPOT) controller is designed to utilise fully the combined 
available HVDC system capability. The EPOT controller transfers ordered power, which 
is in excess of the capability of one bipole, to the other operating bipole. This controller 
is activated only when a major outage occurs on the bipole, such as a valve group or 
pole block. 


e The HVDC power reduction control for tie-line trips is designed to ensure system stability 
upon loss of interconnection lines. The DC power is reduced by an amount equal to tie 
line loading prior to tripping. 


e Anundervoltage DC reduction controller is used to reduce DC power whenever Dorsey 
voltage starts to collapse. A fixed amount of DC reduction releases MVARs both from 
the HVDC link and the AC system to restore the voltage. This control does not react to 
faults. 


e The allocator accepts DC reductions from the tie-line reduction and undervoltage reduc- 
tion controllers. The total DC reduction is then summed and allocated to each bipole 
according to a preset power order. 


* A sending end frequency control (SEFC) is used to minimise oscillations in the collector 
system. 


* The receiving end frequency control (REFC) minimises oscillations in the receiving 
system. 


e Finally, the receiving end damping control (REDC) operates to prevent changes in the 
angle of the Dorsey 230 kV bus voltage. 


The bipole control coordinates the power orders and distributes them to the pole controls. 
As described above, this is supplemented by inputs such as FC (Frequency Control) and PM 
(Power Modulation) to take into account the actual operating conditions. 


Telecommunication requirements [10] 


Without special arrangements to coordinate the operation at both ends of the link, a reduction 
of rectifier (or an increase of inverter) current order by more than the current margin, relative 
to the inverter (or rectifier) current order, can cause a complete DC voltage shutdown. This 
problem is normally avoided by the following procedure: 
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1. When the master controller operates from the sending (i.e. rectifying) end, an ‘increase’ 
in current order is implemented immediately at the local end, and as soon as possible 
(only subject to the unavoidable telecommunication delay) at the remote end. On the 
other hand, a ‘decrease’ in current order updates the remote current order first, while 
the local current order change waits for a ‘true’ check-back signal from the remote end, 
via a return telecommunication channel indicating the receipt of an error-free signal. 


2. When the master controller is housed at the inverter end, the above procedure still applies 
but with the words ‘increase’ and ‘decrease’ interchanged. 


3. If an error is detected in either telecommunication receiver then the local current order 
is not updated; the return check-back is sent as a zero. 


The main purpose of the above system is to ensure that the sequence of current order 
updating is never such as to decrease the effective current margin, even in the presence 
of errors in the telecommunication systems. The telecommunication means used in earlier 
HVDC schemes include microwave radio, carrier on the power conductor’s private wire, 
rented wire and the use of the public telephone system. All of them are liable to interference 
and even occasional failures. Carrier systems, using the HVDC line or cable, are affected 
by a continuous source of interference, i.e. the converters, which is difficult to filter because 
of the high impedance of the smoothing reactors; the use of the lowest possible bandwidth 
is thus recommended to reduce the effective noise. To avoid noise the analogue signals are 
converted to digital form and transmitted with an error checking signal. 

Recent schemes make extensive use of fibre-optic cables, which are immune from inter- 
ference. The New Zealand scheme, for instance, contains a high-capacity fully redundant 
communication link plus a physically independent back-up link. It is used for control, 
protection, data, status functions and speech facilities, between Haywards and Benmore. 


8.6.4 Pole Controls 
Characteristics and direction of DC power flow 


Most DC schemes in existence are provided with bidirectional power flow capability. This 
property is inherent in the case of AC transmission, where the direction of power flow is 
determined by the sign of the phase angle difference of the voltages at the two ends of the 
line; the power flow direction is in fact independent of the actual voltage magnitudes. 

On the other hand, in DC transmission the power flow direction is dictated by the relative 
voltage magnitudes at the converter terminals and the absolute or relative phase of the AC 
voltages plays no part in the process. However, if required, this condition could be altered by 
exercising a type of firing angle control which can make the power flow direction independent 
of the terminal AC voltage magnitudes and behave, instead, like the AC counterpart. 

The basic characteristic of a converter from full rectification to full inversion, illustrated 
in Figure 8.12, is provided with constant current and constant extinction angle controls. 

The level of the natural voltage characteristic can be adjusted by the transformer OLTC. 
This part of the characteristic takes place when a = 0 (i.e. with diode operation); that is, the 


246 LINE-COMMUTATED CSC TRANSMISSION 


v 
( m ) a C.C. control 


(a=n-B) 
Rectifier 
| Tas a 
| C.C. control 
Inverter 
V= (2) V.cos B+ (=) ul | 


* 


eu V'.cos Yo 


13 V; COS Yo T 


Va 


Figure 8.12 Complete control of a converter, from inversion to rectification N.V., natural voltage; 
C.C., constant current; C.E.A. constant extinction angle (Arrillaga, J. (1983), HVDC Transmission, 
IEE Power Engineering series 6, reproduced by permission of the IET.) 


converter has no controllability in this region and the DC voltage (from Equation (3.7) with 
a — 0) is 


Vi = Vo- la (8.1) 


For delay angles larger than o = 0 the converter exercises constant current control, i.e. to 
maintain a current setting (/,,), that has a practically vertical characteristic. This region 
is governed by Equation (3.7) and is limited by the need to maintain a certain minimum 
extinction angle required for safe commutation, as explained in Section 3.5. When this limit 
is reached, the converter again loses controllability and is governed by Equation (3.14). 


DC SYSTEM CONTROL AND OPERATION 247 


Let us now consider the specific control parameter which implements the direction of 
power flow. We have already explained that each converter station is normally provided 
with current and extinction angle control facilities. The assignment of current control, either 
to the rectifier or to the inverter station, is made on consideration of the investment cost 
for reactive power compensation, the availability of reactive power, the minimisation of the 
losses and the total running cost. Normally the total reactive power compensation is least, 
and the utilisation of the line best, if the rectifier is assigned the current control task while 
the inverter operates on minimum extinction angle control. 

This combination is achieved in a two-terminal DC link by providing the power sending 
station with a slightly higher current setting than the power receiving station. The difference 
between the two settings is termed the current margin (J,,,). Its effect can be better understood 
with reference to Figure 8.13(a), where the operating current is set by the constant current 
control at the rectifier end. The inverter end current controller then detects an operating 
current which is greater than its setting and tries to reduce it by raising its own voltage, until 
it hits the ceiling determined by the minimum extinction angle control at point A. This is the 
normal steady-state operating point, which presumes a higher natural voltage characteristic 
at the rectifier end, a condition which may require OLTC action at the converter transformer. 

The no-load and direct voltage regulation along the transmission link are illustrated by 
the solid line in the diagram of Figure 8.14, with power flowing from left to right and with 
the operating current maintained by the rectifier controller. 

Starting from the rectifier end, point a represents the maximum average direct voltage, 
(Vo) with the rectifier unloaded. This is reduced by firing angle control to (V5), cos(a) 
(point b). The slope of lines bcA and —dA is determined by the DC current Z}, and their 
horizontal projections relate to the commutation reactances X, (for bc), Xc, (for dA) and 
line resistance R, (for cA). Therefore point c represents the output voltage at the rectifier 
station and point A the voltage at the remote end of the line. This point is also reached from 
the inverter end open-circuit voltage (V.o); reduced by the extinction angle (V,,),;cos(y) 
and by the commutation reactance. It should be obvious that point A represents the same 
operating condition as indicated by the crossing point in the characteristics of Figure 8.13(a). 

Let us now assume that there has been a substantial AC voltage reduction at the rectifier 
end, such that the DC voltage ceiling (the natural voltage) of the rectifier becomes lower 
than that of the inverter. In the absence of a current controller at the inverter, the voltage 


(a) (b) 


Figure 8.13 Steady-state characteristic and operating point: (a) under rectifier constant current 
control; (b) under inverter constant current control 
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Figure 8.14 DC voltage profile (Arrillaga, J. (1983), HVDC Transmission, IEE Power Engineering 
series 6, reproduced by permission of the IET.) 


across the line is reversed and the current reduces to zero (current through the valves cannot 
reverse). However, an inverter current controller will prevent a current reduction below its 
setting by advancing its firing (i.e. reducing o and hence inverter DC voltage), thus changing 
from extinction angle to constant current control. A new operating point A’ (Figure 8.13(b)) 
results at a current reduced by the current margin. In Figure 8.14 this condition is represented 
by the dashed lines and clearly shows that power flow will continue in the same direction, 
in spite of the lower AC voltage at the sending end. 

The block diagram in Figure 8.15 shows the main components of a typical pole control 
system 


Tap-changer control 


Referring to Figure 8.13(a), the task of the tap-changer on the rectifier side is to place the 
voltage ceiling (i.e. the a = 0 characteristic) relative to the operating point (A), so as to 
minimise the reactive power consumption subject to a minimum a limit. This limit is used 
to ensure that all the anodes (in the case of the mercury arc valve) or the series thyristors 
have a sufficient positive voltage across them to avoid the risk of misfiring. 

On the inverter side the reactive power is minimised at the y = yp limit, which is the 
normal operating condition. It is therefore possible to use its tap-changer to keep the direct 
voltage within any desired limits. 

When the current control is transferred to the inverter (as in Figure 8.13(b)), the rectifier 
tap-changer tries to raise the voltage ceiling and the tap-changer action on the inverter side 
must stop, since the latter no longer determines the voltage level. Otherwise the tap-changer 
would try and raise the inverter side AC voltage and thus reduce the power factor. 
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Figure 8.15 Block diagram of a typical pole control 


It is interesting to note that the DC link, within its normal power rating, operates as a 
constant voltage circuit, i.e. the voltage is at its highest value under no-load conditions and 
power is raised by increasing the current settings. However, in order to avoid overloads, 
when the current limit is reached, the transmission link acts as a constant current system, 
i.e. a power change can then only be achieved by means of a voltage change and, because 
of the voltage ceilings, this is only possible to a limited extent by means of tap-changer 
action. 


Reversal of power flow 


The last section has explained that the direction of power flow is decided purely by control 
action. It can be expected, therefore, that a change in power direction cannot happen natu- 
rally as a result of a change in the operating conditions, but rather following a control 
order resulting from the overall requirements of the power system. The characteristics of 
Figure 8.13(a) can be extended below the voltage zero line so that the rectifier and inverter 
ends exchange their function. The result of this action, illustrated in Figure 8.16(a), shows 
that the two characteristics do not meet again. Station I increases the delay angle well 
into the inverting region and hits the limiting extinction angle voltage (Yọ). Station II 
advances its firing into the rectifying region and finally hits the rectifier voltage ceiling 
(a = 0). In the process, the line current reduces to zero and the complete system is 
blocked. 

Since, as indicated in the previous section, the rectifying station requires the higher current 
setting, it is thus necessary to subtract the current margin from the reference value of 
station I. This results in the characteristics of Figure 8.16(b), which displays one operating 
point of different voltage polarity and with the roles of the two stations interchanged. Thus 
the direction of power flow has been reversed without altering the direction of current flow, 
which of course is fixed by the converter valves. 
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Figure 8.16 (a) Operating point with power flowing from station I to station II. (b) Operating point 
after power reversal 


Modifications to the basic characteristics [11] 


During AC system faults at the receiving end there is a big risk of commutation failure and, 
if the fault is electrically close, the inverter may not be capable of recovering by itself. In 
such cases it is important to reduce the stress on the inverter valves, and this is achieved by 
providing a low-voltage-dependent current limit to the rectifier control characteristic. The 
modified characteristics illustrated in Figure 8.17 consist of a branch CD’ at the rectifier and 
another EF’ at the inverter. 


Figure 8.17 Rectifier and inverter modified characteristics 
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The break points C and E in Figure 8.17 are typically between 70% and 30% of DC 
voltage, and in special cases even higher depending on AC system requirements. The higher 
voltage is applied when the receiving AC network is sensitive to disturbances which could 
cause large voltage fluctuations. 

The terms VDCOL (Voltage-Dependent Current Order Limit) and LVCL (Low-Voltage 
Current Limit) are commonly used for the function that reduces the current setting when the 
voltage decreases. 

In the literature the added branches CD’ and EF’ are normally given finite slopes on the 
basis that the finite slope is expected to provide ‘smooth’ control; in fact this argument is not 
valid, since the slope constitutes a strong negative resistance which produces the opposite 
effect. A plain horizontal line, as shown in Figure 8.17, is better since the system will then 
operate stably down to a lower DC voltage during faults in the rectifier AC system; it will 
also recover faster from a total collapse of an inverter because the AC line/cable will charge 
more rapidly. 

Also, an unwanted voltage reversal of the inverter is generally prevented by limiting o to 
some minimal value larger than 90° (shown by KK’ of the characteristic). Branches DH and 
FG represent maximum current limits at low voltage. A minimum current limit (not shown 
in the figure) is also normally provided to prevent operation with discontinuous current. 

Another problem with the basic characteristics occurs when the rectifier voltage ceiling 
gets very close to that of the inverter, such that the characteristics intersect in the region 
between IL, and L,,—I,,,. In this region both current controllers are out of action. In 
practice the current will not settle at an intermediate point; instead, the inverter will be 
periodically entering the current controlling mode. A proven countermeasure against this type 
of oscillation is a small shape alteration of the inverter characteristic, as shown in Figure 8.17. 
The limiting y = y, characteristic cannot be changed without sacrificing heavily the reactive 
power; it is, however, sufficient to break the characteristic to a positive resistance slope 
in the transfer region from y-control to current control of the inverter (AB in Figure 8.17 
instead of AB’). 


Operation at non-minimum margin angle [12] 


In this case the margin angle y is varied around an average value in order to stabilise the 
AC voltage. This can be achieved either by direct control of the AC voltage or indirectly by 
controlling the DC voltage. Another way of stabilising the receiving system AC voltage is 
to use the inverter, rather than the rectifier, as the current controlling station. These modes 
of control are normally used for operation in the ‘unstable’ region of the AC voltage/DC 
power characteristic. An alternative solution is shown in Figure 8.18, in which the operating 
point is moved down along the part of the characteristic with positive slope. The inverter is 
then able to increase the voltage at increased DC. This method is very effective when the 
inverter is connected to a weak AC network. The normal operating point A corresponds to 
a value of y higher than the minimum. 


Active power control 


As the primary object of HVDC transmission, active power control should be the main 
consideration. However, for simplicity the early schemes still used the current control loop 
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Figure 8.18 Alternative inverter characteristic with higher than minimum margin angle 


as a basis. In such a case each station is provided with a dividing circuit, consisting of 
a power calculator and a high-gain operational amplifier, which receives the power order, 
voltage and current signals and produces the current order. Other input components of the 
station power control unit, illustrated in Figure 8.15, include the constant power order setting 
and any additional power modulation signals. A control error is formed from comparison 
of the calculated current order (minus the current margin in the case of the inverter station) 
and the measured current. Figure 8.15 also shows the control functions used in DC voltage 
and constant extinction angle at the inverter. 

In most cases there is only one master controller (at one of the stations) which sends 
a current order to the pole controls of the two ends of the link. The power is monitored 
by multiplying voltage and current (summed from both poles) and fed back directly to the 
controller. As in previous control methods, to prevent unacceptable current orders (e.g. during 
startup) limits are normally built in. 


Frequency control 


The frequency of a network interconnected to a larger one by an HVDC transmission link 
can be controlled by means of a frequency feedback loop acting on the DC link controls, 
such that the small network draws the required power change from the larger one. 

A typical case of frequency control is the Gotland link, as originally designed, which 
included a synchronous compensator. This network, once started, could be operated with 
no other power feed than the DC link. Similarly, when the power rating of the DC line is 
comparable with or greater than the rating of the running generators in the AC system to 
which the line is connected, the line terminal can share in the frequency regulation or even 
perform it unaided. 


Power/frequency control 


Often a combination of control modes is used, such that the control signal applied to the 
current controller is normally power, and it does so as long as the frequency remains within 
the predetermined limits. Outside these limits, frequency control takes over to assist the 
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Figure 8.19 Power/frequency control characteristic 


system in difficulty. However, when the maximum rated transmission power is reached, the 
frequency controller becomes inoperative. This combination is illustrated in Figure 8.19. 

It should be remembered that the DC link is insensitive to frequency variations, unless 
some sensitivity is deliberately added to the control system. Without it, a constant power 
flow can speed up a receiving system which has lost part of its load and a sending system 
can eventually collapse if the required DC link power is more than the connected generation 
can produce. In general, therefore, the incorporation of an element of frequency control 
should be included. 


Response to changing operating conditions 


The link normally operates under constant power control as explained above. The response 
to power setting changes, or unforeseen variations in the terminal AC voltages, occurs in 
two stages. The first stage is very fast (limited only by the size of the smoothing reactors) 
since it is performed purely by firing angle control, according to the characteristics shown in 
previous sections. However, this process will increase the converter firing angles and with 
them the consumption of reactive power, which will in turn upset the terminal voltages. 

In the second stage, the firing angles will be returned to their minimum settings by means 
of coordinated transformer OLTC control at both ends of the link; this process, requiring 
mechanical switchings, is very slow (in seconds) and therefore some voltage oscillations are 
unavoidable. The latter will also occur during large power transfer variations, which will 
require ON and OFF switchings of some filters and shunt capacitor compensation. 


8.6.5 Converter Unit Controls 


For the implementation of the firing signal of the bridge, most existing HVDC converters 
use the ‘phase-locked oscillator’ [13] control principle, illustrated in Figure 8.20. It consists 
of a voltage-controlled oscillator which delivers a train of pulses at a frequency directly 
proportional to a DC control voltage V.. Various versions of the original phase-locked 
oscillator control system have subsequently appeared. 
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Figure 8.20 The phase-locked oscillator control system (Arrillaga, J. (1983), HVDC Transmission, 
IEE Power Engineering series 6, reproduced by permission of the IET.) 


The train of pulses is fed to a six-stage ring counter in which only one stage is on at a 
time; the on stage is stepped cyclically from positions 1 to 6 by the oscillator pulses. As 
each ring-counter stage turns on, it produces a short pulse at the output (once per cycle). 
Therefore the complete set of six output pulses normally occur as successive intervals of 
60°. The STOP pulses are also obtained from the ring counter but two stages later (e.g. the 
START pulse for valve 1 is from stage 1 and the STOP pulse for valve 1 is from stage 
3, normally 120° later). One oscillator and one ring counter per bridge constitute the basic 
control hardware. 

The various control modes only differ in the types of control loop which provides the 
oscillator control voltage V... 

The phase of each firing pulse will have some arbitrary value relative to the AC line 
voltage, i.e. an arbitrary value of converter firing angle a. However, when the three-phase 
AC line voltages are symmetrical fundamental sine waves, a is the same for each valve. 

For the normal working range, equidistant firing control is preferable to the individual 
phase control used in early schemes because of the reduction of abnormal harmonics. As 
with any control system, its firing pulse spacing may be modulated by any non-characteristic 
harmonics entering via feedbacks, e.g. of DC current. Thus its description as 'equidistant 
firing control' is somewhat anomalous; however the phase-locked oscillator control system 
is very stable when suitably designed, and this is not usually an important effect. 

It is often claimed that, whenever the DC power contributes considerably to maintaining 
the network stability, such a system may benefit from a changeover to individual phase 
control under asymmetrical network fault conditions. However, under asymmetries the power 
transmitted is limited by the current (with individual control) or the voltage (with equidistant 
control) and therefore the above conclusion must be restricted to asymmetries which require 
no current limiting. For large asymmetries, with the power decreasing to very small levels 
(with either control), the reduction of direct voltage during the fault is less important; in 
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such cases the use of equidistant firing control provides more reliable commutations and 
facilitates the rapid return of power flow when the asymmetry ends. 

In practice the simple independent oscillator would drift in frequency and phase relative 
to the AC system; hence some method of phase locking the oscillator to the AC system is 
required. This is normally achieved by connecting V, in a conventional negative feedback 
loop for constant current or constant extinction angle. 


Constant current loop 


With reference to Figure 8.20, let us first consider the constant current loop, i.e. only signal 
V., being effective. This voltage is obtained from the amplified difference (error) between the 
current reference and the measured DC line current; this forms a simple negative feedback 
control loop, tending to hold current constant at a value very close to the reference. 

To visualise the operation of this loop, imagine that the current is nearly equal to the 
reference, such that the amplified error (V.) happens to be precisely that value required to 
give an oscillator frequency of six times the supply frequency. The ring-counter outputs, and 
thus the valve-gate pulses, will have a certain phase with respect to the AC system voltage. 
Suppose further that this phase, which is identical to firing angle a, happens to be such as 
to give the correct converter DC output voltage, which, with the particular back emf of the 
DC link, results in the correct DC line current. This is steady-state operation. 

The loop is self-correcting against disturbances of any source. For instance, a drop of 
back emf in the DC system causes a temporary current increase, which reduces V, and hence 
slows down the oscillator, thus retarding its phase and finally increasing the firing angle a. 
This tends to decrease the current again, and the system settles down to the same current, 
with the same V. and oscillator frequency but a different phase, i.e. different a. 

The control system will also follow system frequency variations, in which case the 
oscillator has to change its frequency; this results in different V. and hence current, but the 
current error is made small by using high-gain amplification. 

This constant current scheme is the main control mode during rectification; it is also used 
during inversion whenever the inverter has to take over the current control. 

The control system response is fast but, in practice, its effect will be slowed down by 
the relative slower response of the DC line which includes capacitance, inductance and 
smoothing reactance. 


Inverter extinction angle 


This control mode is implemented by a negative feedback loop very similar to the current 
loop and is also shown in Figure 8.20. The difference between the measured y and the 
y-setting is amplified and provides V, as before. However, it differs in that y is a sampled 
quantity rather than a continuous quantity. For each valve the extinction angle is defined 
as the time difference between the instant of current zero and the instant when the anode 
voltage next crosses zero, going positive. Typical waveforms of the y-measuring technique 
are shown in Figure 8.21. 

For each bridge there are six values of y to be measured, which under symmetrical 
steady-state operation are identical. Under unbalanced conditions, however, the valve with 
greatest risk of commutation failure is the one having the smallest y; this smallest measured 


256 LINE-COMMUTATED CSC TRANSMISSION 


(a) Firing pulse, valve 3 
(b) Anode current, valve 1 


(c) Anode-cathode voltage, valve 1 


(d) y-Timing waveform 
7 -- (e) Voltage V2 


Figure 8.21 Waveforms of y-control circuit (Arrillaga, J. (1983), HVDC Transmission, IEE Power 
Engineering series 6, reproduced by permission of the IET.) 


y produces the most negative output and thus causes its diode (signal *A' in Figure 8.20) to 
conduct and produce the negative feedback voltage V.;. During steady state operation and 
full inversion, V.; controls the oscillator holding the smallest y at a predetermined value by 
closed-loop control. 

Under these conditions V,, is zero because the inverter constant current (CC) setting is 
less than the DC line current (determined by the rectifier CC control); hence the inverter CC 
loop is trying to decrease a by making V,, as low as possible. The minimum V,, is clamped 
to zero volts and thus during normal inverter operation the CC loop is ineffective. 

Component ‘B’ is an additional feedback voltage (V4) applied during the transient condi- 
tions when y < Ymin- A sudden impulse is then applied to the voltage-controlled oscillator, 
which has an integrating characteristic and thus can suddenly shift the phase (i.e. angle a) 
by an appropriate amount. 


Transition from extinction angle to current control 


The current setting for inverter operation is below that of the current in the DC line, which is 
normally kept at a higher constant level by the sending end terminal. Under such conditions 
V., in Figure 8.20 is zero, the current control amplifier is saturated and the converter operates 
on constant extinction angle y at full inversion. 

In the event of a sudden AC system voltage rise at the inverter end, or a DC line voltage 
reduction, the direct current will decrease; the current amplifier then comes out of saturation 
and V,, becomes positive. This additional input to the oscillator causes operation of a larger 
y, i.e. advances the firings and the converter takes over current control. 


Application to 12-pulse converter groups 


When bridges are connected in series, the common DC is determined by one controller 
per pole and the control pulses are directed to the individual bridges from a common ring 
counter. With 12-pulse converter groups it is thus necessary to double the number of control 
impulses per cycle. In this case the ring counter provides the control pulses to the 12 different 
valves of the two bridges, keeping four valves activated simultaneously. 
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8.7 AC-DC System Interaction 


A DC link can be operated according to the basic control modes described in the last 
section and thus remain passive to any special needs of the interconnected AC systems. 
Alternatively the link can be provided with more adaptive dynamic controls that respond to 
critical deviations from the expected operating conditions in the AC or DC systems. 

The exclusive use of the basic controls often gives rise to unwanted interaction between 
the AC and DC systems, which is manifested in a variety of voltage, harmonic and power 
instabilities. When full advantage is taken of the fast and adaptable converter controllability 
a more useful interaction can be achieved which manifests itself in stable AC and DC system 
operation. 

AC - DC system interactions are concerned with voltage stability, overvoltages, resonances 
and recovery from disturbances: 


e Voltage stability criteria are used to determine the type of voltage control and of reactive 
power supply. 


e The level of temporary overvoltage (TOV) influences station design, including thyristor 
valve and surge arrester ratings. The TOV levels will increase with decreasing values 
of the short-circuit ratio (SCR), the ratio of the AC system MVA fault at the converter 
terminals to the nominal DC power. 


e Shunt capacitors are used in converter stations as part of the AC filters and VAR 
compensation. The larger the ratio of shunt capacitor MVAR to AC system short-circuit 
MVA, the lower will be the resonant frequency. 


* Recoveries from AC and DC faults are slower with weak systems (i.e. high-impedance 
source), although modern controls are less affected by the system impedance than those 
used in earlier schemes. 


8.7.1 Voltage Interaction 


The AC terminal voltages at the converter stations depend on the active and reactive power 
characteristics of the converter. To minimise voltage variations it is essential to control the 
reactive power supply to match the converter reactive power demand. 

It has already been explained that LCC consumes reactive power, which can be typically 
60 96 of the power transmitted at full load. Moreover, during transients the reactive power 
demand may vary widely, the duration of such variation depending to a large extent on the 
characteristics of the DC link control system. 

If the presence of local generators (i.e. close to a rectifier) can be guaranteed, it is always 
more economical to supply most reactive power from these, with minimum size filters to 
reduce harmonics. 

In general, however, it is necessary to provide full reactive power compensation to the 
converter and, sometimes, extra compensation for the AC system loads as well. A large 
proportion of the reactive power is supplied by the shunt harmonic filters, and additional 
compensation has so far been provided in the form of shunt capacitor banks or synchronous 
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compensators. The filters and capacitors are normally connected to the high-voltage terminal, 
whereas the synchronous compensators are connected through a transformer tertiary winding. 
Other permutations have also been used, e.g. filters on a tertiary winding and synchronous 
compensators on separate transformers. 

The size of the individual filters is the result of a compromise between economy (which 
demands the larger size) and the ability of the AC system to accept the step changes in 
system voltage caused by filter switchings. Switching is often needed to control reactive 
power at DC loads lower than the nominal. There is a further difficulty in discrete filter 
switching, which relates to the non-linear relationship between the increase of reactive power 
and harmonic current with load. 

If the extra cost can be justified, the use of dynamic compensation, in the form of either 
synchronous compensators or controllable static compensators, can reduce or eliminate the 
step switching of filter branches. 


8.7.2 Dynamic Voltage Regulation 


During HVDC link disturbances the voltage control requirements depend on the nature 
and location of the disturbance. The reactive power consumption, although possibly higher 
initially, is partially or totally eliminated following the disturbance, with the result of consid- 
erable dynamic overvoltage regulation. 

The regulation (dynamic) overvoltages are more significant at the rectifier end of the 
link. At both terminals the effective impedance angle is as important in determining the 
overvoltages as is the magnitude of the impedance. For links from hydro sources, the increase 
of frequency following load rejection will produce even higher dynamic overvoltages. This 
is an unacceptable situation for local consumers and must be allowed for in the insulation 
coordination of the converter station. 

In practice, transformers start to saturate at typically 1.2 to 1.25 pu AC voltage and the 
fundamental frequency overvoltage will therefore be a little lower, with some distortion. 

Single line-to-ground faults are also a source of dynamic overvoltages on the other phases 
or pole, due to mutual coupling between phases. 

Following a voltage drop in the AC network, the initial effect is a fall in power. The 
power controller of the DC link then increases the current reference to try and restore the 
ordered power; the extra current increases the reactive demand and tends to reduce the AC 
system voltage further. With very weak AC systems this could lead to voltage collapse; 
however, power controllers always have limits built in to avoid excessive action. 

By far the most important case is that of a nearby three-phase short circuit, assuming that 
the converters are blocked during the fault, with all the capacitors left on. This condition 
produces full magnetising inrush current on all transformers after fault removal, which 
results in substantial fundamental and harmonic overvoltages. Such overvoltages constitute 
in practice the determining condition for most valve, surge arresters and insulation voltage 
ratings. 

Dynamic compensation equipment is used to reduce the dynamic voltage regulation, to 
help in the recovery of the AC system from faults, and to reduce the disturbances resulting 
from DC load variation or from the switching of filter banks. Ideally, to meet such a 
comprehensive range of duties, the compensation will generally require both reactive power 
absorption and generation capabilities. In each particular application the system SCR and 
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the stability of the DC link and compensator controls must be considered, when trying to 
decide the type and dynamic range to be used. 

A preliminary comparison of the technical characteristics of reactive power compensators 
for use with HVDC transmission, with an extensive bibliography on the subject, has been 
presented in a CIGRE document [14]. 

The traditional types of dynamic compensation for HVDC schemes are: synchronous 
compensator, AC self-saturated reactors, thyristor-controlled reactors and thyristor-switched 
capacitors. A more flexible type, gradually finding its way into the market, is the STATCOM 
(an electronic version of the rotating synchronous compensator). 

The slow response of the synchronous compensators can be a problem, particularly in the 
absence of local generation. However, the synchronous compensator reduces the sensitivity 
to transients by increasing the SCR. It also increases the resonance frequency of the system, 
since it reduces the need for extra shunt capacitance. 

It is often claimed that the static alternatives improve the voltage stability of the AC 
network and thus help HVDC control stability and speed of response. In practice the static 
VAR compensators rarely improve voltage stability, except that they act as limiters if the 
voltage tries to rise too much. In steady state the thyristor-controlled reactors may cause 
some destabilisation, though this can be made acceptable; saturated reactors appear to be 
better in this respect. 


8.7.3 Dynamic Stabilisation of AC Systems 


A power system is stable if after a disturbance it returns to a condition of equilibrium. This 
is manifested not by the constancy of absolute rotational speed of the various machines 
involved, but rather by these machines swinging together until a new common speed is 
reached. The power exchanged between them is determined by their relative angular position 
and therefore, when the equilibrium is disturbed, their rotor positions must give rise to 
corrective power flow leading to the new state of equilibrium. 

If the angle between the machines increases steadily the system is transiently unstable. 
If the machines fall out of step after a period of increasing oscillations around the equi- 
librium point the system is dynamically unstable. Dynamic instability is rare in tightly 
connected systems, which are usually well damped for their characteristic frequencies of the 
electromechanical swing (between 1 and 2 Hz). 

However, when large systems are connected by long, relatively weak interties, low- 
frequency swing modes result. The response of the power system controls to the synchro- 
nising swings associated with these low-frequency modes can produce sufficient negative 
damping to cancel the natural positive damping of the system. When this happens, oscilla- 
tions of increasing amplitude occur. 

An example of dynamic instability [15] is the northern and southern parts of the Western 
US power system, which are connected by the parallel Pacific AC and DC Interties with 
ratings of 2500 and 1400 MW, respectively. The AC Intertie has a long history of negatively 
damped 1/3 Hz oscillations resulting from interactions between generators with automatic 
voltage regulators and system loads. As a result of these oscillations, and because the 
oscillatory tendency imposed a constraint on the amount of surplus northwest hydro power 
which could be transmitted to the southwest, a control system to modulate the Pacific DC 
Intertie was developed. 
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Damping in the Pacific Intertie was produced by small signal modulation of the DC power 
in proportion to the frequency difference across the AC Intertie. This was accomplished by 
processing the AC Intertie power measured at the northern end, to obtain a filtered signal 
proportional to the derivative of AC power at frequencies near 1/3 Hz. This signal is applied, 
through a +3 96 (+40MW) limiter, to the current regulator at the northern terminal of the 
DC Intertie; thus the current setting changes are well within the current margin. 

While the small signal modulation described above is suitable to maintain the state of 
equilibrium, it is inadequate for the damping of large disturbances. Large signal modulation 
is thus needed to regain the equilibrium state following large disturbances. For instance, a 
large signal modulation scheme [15] has been added to the Square Butte HVDC system in 
the form of a frequency-sensitive power control (FSPC). 


8.7.4 Controlled Damping of DC-Interconnected Systems 


With an AC tie line, if one of the interconnected systems is in difficulty following a 
disturbance, the line is normally tripped to prevent the disturbance affecting the other system, 
and thus the system in difficulty loses an essential infeed. 

An HVDC link, on the other hand, even with the basic controls, shields one system from 
disturbances on the other. Although the specified power flow can continue, the option is 
available to vary the power setting to help the system in difficulty to the extent which the 
healthy system can allow, without putting itself in difficulty, and subject to the rating on 
the link. 

Although the policy of providing controls which enable the HVDC link to assist actively 
in the damping of disturbances should be encouraged, it must be considered that the DC link 
contains negligible energy storage and therefore any action to damp a disturbance at one end 
must naturally produce some disturbance at the other end. In some cases such assistance is 
readily acceptable, for example, when the local system has no directly connected consumers 
and it can be designed for greater than normal frequency variations. In effect, this allows 
the inertia of the system to be used to provide the energy for damping the distant system. 
Another example is where one system is very small compared with the other, such as the 
case of an offshore system where the total load is insignificant compared with the size of 
the mainland network. 

With appropriate control, a disturbance originating in either system can be shared in a 
predetermined manner, and the resulting system oscillations can be damped simultaneously. 
Unlike transient stability, where the DC link must have the necessary overload capability 
to get through the first swing, dynamic stability can be achieved without overloading the 
DC link. Moreover, if the DC link is already operating close to its full capacity, substantial 
damping can be achieved exclusively by DC power reductions at the appropriate instants [16]. 


8.7.5 Damping of Sub-Synchronous Resonances [17] 


The torsional oscillation modes of turbine—generators can interact with the system oscillation 
modes of the electric power transmission system. With a pure AC transmission system, the 
interaction is dominated by a synchronising component which gives rise to the system modes 
of oscillation. A relatively small negative damping component is also present, due to the 
resistance of the AC transmission line. 
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The torsional modes of vibration of the turbine-generator shaft are normally stable when 
connected to an AC transmission system, because of the relatively large positive damping 
contributed by the damping windings and mechanical damping resulting from steam flow, 
friction, etc. With the addition of series capacitor compensation in the AC network, however, 
the negative damping contribution of the AC system is dramatically increased when the 
electrical and mechanical resonant frequencies are close. Under these conditions the torsional 
modes of vibration can become unstable, a phenomenon which is commonly referred to as 
sub-synchronous resonance (SSR). 

The potential destabilisation of torsional oscillations due to HVDC systems is similar to 
that caused by series-compensated AC transmission lines. However, the interaction with DC 
systems can be solved relatively simply by providing power modulation control to cancel 
the negative damping impact of the basic constant power control loop. 


8.7.6 Active and Reactive Power Coordination 


The degree of DC power modulation which can be achieved is restricted by terminal reactive 
power constraint. With only current or power modulation, an increase in active power 
transfer will be accompanied by a larger increase in terminal reactive power requirements 
and this effect is particularly noticeable during severe system disturbances. The reactive 
power variations can cause current control mode transitions between the rectifier and inverter 
ends, and hence DC changes equal to the DC system margin current. 

Coordination between the active and reactive power modulation can be achieved by DC 
system voltage modulation. An increase in DC voltage will increase the DC power transfer 
as well as the power factor at both terminals, and hence decrease the reactive consumption 
as a percentage of active power transmitted. 


8.7.7 Transient Stabilisation of AC Systems 


Where system disturbances result in the reduction of transmission capability, the generating 
source will usually accelerate. Remote sources may decelerate as load exceeds generation 
as a result of the fault which decreases power into that area. When the fault is cleared, the 
generation and the remaining transmission experience a transient swing which may lead to 
instability. In particular, long fault clearance times can cause a loss of synchronism. 

If the loss of synchronism is irrelevant, as in the case of an HVDC link connecting 
generation to load areas, it is advantageous to increase the sending end DC link power in 
the post-fault period in response to the increase of generator speed. This action will remove 
energy from the generator, reduce its speed, and thus reduce the angular displacement 
between the generator and the AC receiving system. An appropriate magnitude of the 
modulation applied for this purpose is in the range of 20 to 40 % of the DC link rating. Some 
systems have been designed with temporary overload limits as high as 65 %. In other cases 
even higher modulation limits have been utilised after taking into account the AC system 
power transfer need, the AC voltage support (VAR) capability and the DC system design 
ratings. Similarly, for receiving end phase angle or speed changes, DC link power can be 
controlled to correct this condition within the limits imposed by the controllability of the 
receiving end phase angle, the DC link capability, and the energy that may be taken from 
the generation source. 
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The thyristor valves used in HVDC transmission are rated to withstand considerable 
overloads without adverse effects to avoid unnecessary protective action. This capability 
provides the basis for first-peak transient stability improvement. The particular strategy, 
i.e. current increase or decrease, temporary power reversal, etc., will vary from scheme to 
scheme and in each case it can be assessed with the help of a multi-machine transient stability 
programme combined with a small-step transient converter simulation package, such as the 
EMTDC. The two solutions are carried out separately and compared periodically to ensure 
agreement on interface quantities. The time steps required for the DC solution are far shorter 
than those that would be used for the normal transient stability solution and therefore during 
this calculation a Thévenin equivalent AC network is used [18]. 


8.8 AC-DC-AC Frequency Interactions 
8.8.1 Harmonic Cross-Modulation Across the DC Link 


Under perfectly symmetrical operation and in the absence of waveform distortion in the 
commutating voltage and of DC ripple there are only characteristic harmonics on both sides 
of the link. However, any deviation from the ideal conditions will cause uncharacteristic 
harmonics via the mechanism discussed in Chapter 3 (Section 3.10). The latter situation 
is more critical in the case of an AC-DC-AC interconnection, considering the lack of 
synchronism between the two ends, where problems of frequency cross-modulation are 
frequent. 

The numerous problems of frequency cross-modulation encountered by early HVDC 
schemes motivated a report on the subject by a Working Group of CIGRE SC-14 and 
the material used in this section comes from that report [19]. The presence of low-order 
uncharacteristic harmonics has been an important issue in early LCC schemes with relatively 
low SCRs, by exciting converter transformer asymmetrical saturation, which often leads to 
harmonic instability. 

Figure 8.22 shows the modulated output current on the AC side of the converter in 
response to a DC that contains a ripple frequency. 

In the absence of commutation overlap, the transfer functions are rectangular. The simpli- 
fied modulation process can be extended to the more realistic case where the commutation 
process and the control system are included. 

The frequency transfer relationships in the cross-modulation process of a line-commutated 
12-pulse AC-DC-AC link have been collected together in Figure 8.23. The link interconnects 
two AC systems of frequencies f, and f3. 

The 'exciting' harmonic sources are multiples, integers or non-integer, of the frequency 
in system 1. k, is a current harmonic source, whereas k; — 1 and k, +1 are voltage harmonic 
sources. The resulting harmonic orders in system 2 are related to the frequency of system 2. 

The DC column refers to the DC side of the link, the AC? and AC; columns represent 
the positive and negative sequences of system 1, and AC} and AC; represent the positive 
and negative sequences of system 2, respectively. 

When the DC link interconnects separate power systems, either of the same nominal (but 
in practice slightly different) frequency or different nominal frequencies, there will be a 
wide range of harmonic and non-harmonic frequency transfers. These can be divided into 
two groups: 
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Figure 8.22 Idealised switching function, modulating function and modulated AC output waveform 
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Figure 8.23 Harmonic transfers across a 12-pulse HVDC link. The encircled elements indicate 
harmonic sources and m, n € (1,2,3,...) 
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Frequencies at terminal 1 caused by the characteristic DC voltage harmonics (12n fz) 
and their consequential currents from terminal 2. These are represented in the expression 


faci = (2m 1)f, E 12nf, (8.2) 


where m, n (0, 1,2,3,...) which can have any frequency including frequencies below 
the fundamental. 

The back-to-back frequency conversion schemes represent the worst condition for 
non-integer harmonic frequencies. In this case, with small smoothing reactors the 
DC side coupling is likely to be strong, which means that the flow of harmoni- 
cally unrelated currents on the DC side can be large. Such schemes can produce 
considerable sub-harmonic content even under perfect AC system conditions. However, 
12-pulse converters do not produce sub-harmonic content under symmetrical and undis- 
torted AC system conditions. These will produce interharmonic currents as defined by 
Equation (8.2). 

When the link interconnects two isolated AC systems of the same nominal frequency 
but they differ by a small increment A f), then the characteristic harmonics are different 
by 12nA fo. A DC side voltage at frequency 12n(f, + Afo) is generated by one converter, 
and this will be modulated down again at the other converter by a characteristic frequency 
in the thyristor switching pattern as per Equation (8.2), i.e. 


(12m € 1) f; E 12n(f, + Af) 
which on the AC side, among other frequencies, includes (for m — n) 
fot 12nA f 


The latter will beat with the fundamental component at a frequency 12nA fọ, which at 
some values of n will allow flicker inducing currents to flow. 


Frequencies caused in system 1 by imbalance or distortion in the supply voltage of 
system 2. Negative sequence voltages at frequencies (k — 1) f; produce the following 
non-characteristic frequencies on the DC side: 


fpc (2n Ef, (n20,1,2,...) (8.3) 


Cross-modulation of these current components produces the following frequencies in 
system 1: 


faci = (12m  1)f + (102n x K)f, (8.4) 


Let us first consider a frequency conversion scheme with a sinusoidal but negative 
sequence unbalanced voltage in system 2, i.e. (k — 1) = 1 (and therefore k = 2). Substi- 
tuting m = n = 0 and k = 2 in Equation (8.2) yields currents (and therefore voltage) at 
frequencies 


fac = +f, £2f, (8.5) 
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One of these frequencies (f, — 2 f2) will beat with the fundamental frequency voltage of 
system 1 at a frequency 


fit GO -25)-2G - fr) (8.6) 


which for a 50-60 Hz conversion scheme becomes 20 Hz. This is a flicker producing 
frequency. This same frequency will be referred to generator rotor shaft torque at 20 Hz, 
which may excite mechanical resonances. 

Again, this type of cross-modulation effect is most likely to happen in back-to-back 
schemes due to the stronger coupling between the two converters, although it is also 
possible with any HVDC scheme in the presence of a suitable resonance. 

Now consider two AC systems of the same nominal (but slightly different) frequency. 
Substituting m = n = 0 and k = 2 for fundamental frequency f, into Equation (8.4), a 
current and resultant voltage (through the AC system impedance) of frequency 


faci = fo +2(fo + Afo) (8.7) 


which leads to f; 2A fọ is induced on the AC side. This will either beat with the funda- 
mental frequency f, or produce generator/motor shaft torques at 2A fọ. This frequency 
is generally too low to produce flicker but may induce mechanical oscillations. 

Substituting m = n = 1 and k = 2 in Equation (8.4) gives, among others, a current 
(and thus voltage) at the frequency 


(12+ 1) fo— 12+ 2)(fo — A) 
and for fọ = 50 Hz and Af = 1 Hz, the resulting AC (and thus voltage) in system 1 is 
13 x 50— 14 x 49 = 36 Hz 


This distorting voltage will, therefore, beat with the fundamental producing 14 Hz flicker. 
However, the sub-harmonic levels expected from this second-order effect will normally 
be too small to be of consequence. 


8.8.2 Complementary and Composite Resonances 


The traditional definition of resonance is still commonly used with reference to either the AC 
or DC sides of the converter independently from each other. This sort of resonance is well 
defined, being the frequency at which the capacitive and inductive reactances of the circuit 
impedance are equal. At the resonant frequency, a parallel resonance has a high impedance 
and a series resonance a low impedance. 

This approach has led to the concept of ‘complementary resonance’, i.e. a high-impedance 
parallel resonance at a harmonic on the AC side closely coupled to a low-impedance series 
resonance at an associated frequency on the DC side. The first-order associated AC and DC 
side frequencies are shown in the three-port model of Figure 3.25. A reported experience of 
this condition, and used in the commonly used CIGRE benchmark HVDC test system [18], 
involves a second-harmonic parallel resonance on the AC side and a fundamental frequency 
series resonance on the DC side. 
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Moreover, when the AC and DC systems are interconnected by a static converter, the 
system impedances interact via the converter characteristics to create entirely different 
resonant frequencies. The term composite resonance has been proposed [13] to describe 
this sort of resonance, emphasising its dependence on all the components of the system. A 
composite resonance may be excited by a relatively small distortion source in the system, 
or by an imbalance in the converter components or control. The resulting amplification of 
the small source by the resonant characteristics of the system can compromise the normal 
operation of the converter and even lead to instability. 

Further to this, the converter impedance comprises several contributions. First, there is the 
AC side and converter transformer impedance, which usually sums to be largely inductive. 
Second, there is the end of commutation period dynamics, which is such that if DC current out 
of the converter increases, the DC voltage reduces. This impedance looks mainly resistive. 
Finally, the constant current control modifies the converter DC terminal voltage according 
to the DC current. This can also be described as an impedance, although over a range of 
frequencies, the resistive component of this impedance will be negative. 

A true instability results when, at the composite resonant frequency, the resistance of 
the overall circuit is negative. This can occur at non-integer frequencies, and is driven by 
conversion from the fundamental frequency and DC components to the composite resonance 
frequency via the converter control. Light damping, or ringing, during fault recovery indicates 
that the negative resistance offered by the current controller is close to the natural resistance 
of the circuit. 


8.9 DC Link Response to External Disturbances 
8.9.1 Response to AC System Faults 


The severity of a three-phase short circuit is greatly reduced compared with an alternative 
AC interconnection, because the DC link, due to its fast current controller, feeds virtually 
no additional current into the fault. 

If the fault occurs on the rectifier side no special control action is needed; provided there 
is some commutating voltage, the rectifier will continue operating with the highest possible 
direct voltage, and when the fault is cleared, the rectifier will again recover without special 
control action. On the other hand, a fault close to the inverter end causes commutation 
failures and produces higher current peaks, but these can be minimised by quickly reducing 
the firing angles. 

The behaviour of line-commutated DC transmission during AC system faults is best 
illustrated by EMTDC simulation. The CIGRE benchmark model [20] is used as the test 
system, a model specifically designed to assess the dynamic performance of DC transmission 
controllers under a difficult combination of AC and DC system components, as shown in 
Figure 8.24. The simulation circuit is shown in Figure 8.25. 

The controller, modelled in Figure 8.26, is of the proportional-integral type in both current 
and minimum extinction angle control. The circuit is first simulated for 1 second to achieve 
the steady state, whereupon a snapshot is taken of the system state. Figure 8.27 illustrates 
selected oscillograms of the response to a five-cycle, three-phase fault applied to the inverter 
commutating bus. The simulation starts from the snapshot taken at the 1 second point. 
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Figure 8.24 CIGRE HVDC benchmark model 


A clear advantage of starting from snapshots is that many transient simulations, for the 
purpose of control design, can be initiated from the same starting state. 

These results clearly indicate that the link controllers respond satisfactorily to the distur- 
bance and provide very fast recovery. 


8.9.2 Response to DC Line Faults 


A DC line short circuit, once started, will not be extinguished until the current is brought 
down to zero and the arc deionised. When the fault occurs the line voltage collapses, the 
rectifier current tends to rise and the inverter current to fall. The inverter will then advance 
its firing angle to provide sufficient voltage to maintain the inverter set current. The rectifier 
will increase its firing delay to maintain is own current setting. In practice, to reduce the 
current to zero the two terminals are driven temporarily into inversion to clear the energy 
stored in the DC circuit. A typical simulated response, using the New Zealand original link 
parameters, is shown in Figure 8.28. This figure shows that the initial fault current is kept 
within twice the rated current (due to the presence of the smoothing reactor) and that the 
total interruption time is of the order of 10 cycles. 


8.10 Reliability of LCC Transmission 


CIGRE Advisory Group B4.04 collects data annually on the reliability performance of 
HVDC systems in operation throughout the world and produces a biennial report. The report 
contains data on energy utilisation, which includes forced energy unavailability (FEU) and 
scheduled energy unavailability (SEU), statistics on the frequency and duration of forced 
outages, data on thyristor failure rates and commutation failure rates. 

The data on forced outages gives a good indication of the system reliability over the years. 
This information is classified into six categories as follows: 


e AC and auxiliary equipment (AC-E) 


e Valves (V) 
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Figure 8.25 CIGRE benchmark model as entered into the PSCAD software 


269 


RELIABILITY OF LCC TRANSMISSION 


OV 


xivurjoueq TADI A Jo uonepuirs OGLWA/AVOSd IP 107 1epponuo) 97"g IMSA 


CSAS | 


Kaan] 


E 
<k +A ui ER SN 
= 3 2 K e F ur ur 
owisa Trk D'IND rao + SSHIND FUN 
a 
ap 
5 IS*T 
LU E TOGA SAdIN D 
TOV -~ e rep ka 
x/'d mias 
d 
C—Ó—e——À o 
oid Try] 9mo 
Ear unu oc aene C ro > © Cani» 
r 1 DWVIND qoo 
i H ] 
1 ps 1 
i ] 
i i 
a 1 d i d 
i ] 
n a | "NA [asd «i ^a dl [ 1551 
e L sogoiy © LL6199£9`0| i e le] e a T 
. D 
TAVLAN | i avias Trak FEES] SAWO 
i i 
1 1ospeourT i 
] 80) ary i 


Qmo] 


270 LINE-COMMUTATED CSC TRANSMISSION 
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Figure 8.27 Response of the CIGRE benchmark model to a five-cycle, three-phase fault at the 
inverter bus 


e Control and protection (C&P) 
e DC equipment (DC-E) 
e Other (O) 


e Transmission line or cable (TL). 
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Figure 8.29 FEU breakdown in the period 2003-2004 (Reproduced by permission of CIGRE.) 
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Figure 8.30 FEU breakdown in the period 1983-2002 (Reproduced by permission of CIGRE.) 


Figures 8.29 and 8.30 display the breakdown of average FEU, by categories, of all reporting 
systems for the 2003-2004 and 1983-2002 periods respectively [21]. These results clearly 
show a great improvement in the reliability of the converter components over the years, 
as compared with the more conventional AC components. To a large extent the poor 
performance of the latter is attributable to converter transformer outages that occurred at 
four systems in 2003. 

The initial performance reliability of the recently commissioned Three Gorges scheme, not 
available in time to be included in the latest CIGRE report [22], has been very satisfactory 
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considering its size and complexity. No bipolar outages have occurred in the first two years 
of operation. In 2004 and 2005 there have been four and eight monopolar outages, half of 
the latter caused by icing on the pole lines that led to repeated flashovers. None of the 8352 
thyristors contained in the four converter stations of the 3GC and 3GG links has failed so 
far and no other disturbance directly related to the thyristors has been recorded. 


8.11 Concluding Statements 


The chapter has described the components and operating characteristics of the present LCC- 
based HVDC technology. Particular emphasis has been given to reactive power control and 
harmonic-related issues, the two main problems of the thyristor converter. 

After 50 years of experience, regularly monitored by CIGRE Study Committee B4 (earlier 
SC-14), the reliability of LCC-based HVDC transmission has surpassed all expectations. 
Unexpected outages are rarely due to the power electronics components, but rather to the 
conventional plant components of the converter stations and, thus, the utilisation levels are 
very high. About 83 % of the forced outages are due to transformer faults and only 2.7 % 
are attributed to major DC equipment [21]. An indication of the link reliability is the small 
number of thyristors replaced every year in the English terminal of the Cross-Channel link 
between England and France, namely only 5 thyristors out of the total of 12 000. 

Long-distance transmission schemes in thousands of megawatts and voltages of up to 
+600kV are already in existence and the possible use of up to +800kV is currently under 
consideration. Moreover, a large proportion of the HVDC interconnections commissioned in 
recent years have been of the back-to-back type, where, due to the synchronous constraints 
of the interconnected systems, there is no alternative to DC transmission. On the other hand, 
the earlier enthusiasm for the development of a multi-terminal HVDC technology based on 
CSC seems to have faded. No schemes beyond three terminals are being given consideration. 
Instead, the multi-terminal concept is again discussed with reference to distribution systems, 
based on the recently developed VSC technology described in Chapter 10. 

Further enhancements to the line-commutated HVDC technology, both for the switching 
devices and for the converter configuration, are under active consideration to improve further 
the DC transmission reliability and increase the control flexibility. These are discussed in 
Chapter 9. 

It is reasonable to expect that, despite its relatively low flexibility, the thyristor-based 
HVDC technology will continue to dominate the market for bulk power and long-distance 
transmission. It is up to the new alternatives (discussed in the following chapters) to show 
that they can achieve the required power and voltage ratings with similar levels of cost and 
operational reliability. 

It will be shown in Chapter 11 that the addition of multi-level current reinjection (MLCR), 
described in Chapter 7, allows the converter valves to commutate naturally; in the future, 
developments such us this are likely to make the self-commutating thyristor-based HVDC 
technology a practical and more flexible alternative. 
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Developments in 
Line-Commutated HVDC 
Schemes 


9.1 Introduction 


Line-commutated conversion (LCC) is still the preferred practical option for large-power 
and long-distance HVDC transmission. However, the conventional technology is not at a 
standstill. 

The main development influencing the continuation of this technology is the thyristor 
switch itself. Research in this area is far from over, with the power and voltage ratings of 
the thyristor module continuing to increase. In particular, the prospective application of new 
materials such as silicon carbide (SiC) appears to be distancing the thyristor further from its 
more controllable competitors. This topic has already been covered in Chapter 2. 

Other promising developments likely to influence the design and operation of future LCC 
HVDC transmission schemes are:. 


e capacitor-commutated conversion (CCC); 

e continually tuned AC filters; 

* active DC side filters; 

e STATCOM.-aided conversion; 

e conversion of existing AC lines for use by HVDC transmission; 


e use of DC voltages higher than 600 kV. 


Flexible Power Transmission: The HVDC Options J. Arrillaga, Y.H. Liu and N.R. Watson 
O 2007 John Wiley & Sons, Ltd 
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9.2 Capacitor Commutated Conversion [1-3] 


CCC includes series capacitors between the converter transformer and the valves, as shown 
in Figure 9.1. Although in principle the capacitors could be connected on the AC side of 
the converter transformers, it is not possible to avoid ferro-resonance problems completely 
with such a configuration. 

The series capacitors contribute to the valve commutation voltage and, thus, make it 
possible to operate CCC with much lower reactive power consumption compared with a 
conventional converter. This permits reducing the power rating of the filter banks; also 
the latter are permanently connected throughout the operating range, i.e. from minimum to 
maximum load, while still providing the required reactive power. Thus, the filter banks’ 
subdivision and switchgear required by the conventional converter are eliminated. Further, 
CCC gives a more robust and stable dynamic performance of the inverter station, especially 
when it is connected to a weak AC system or a long DC cable. 

With weak AC systems the AC load rejection voltages are reduced, due to the low reactive 
power consumption of the converter. 

A long DC cable has large capacitive energy storage. In the event of a temporary AC 
voltage reduction in the inverter AC system, e.g. caused by a remote single phase-to-ground 
fault, the DC cable will partially discharge into the AC system. Thus the transient current 
increase at the inverter end will not be immediately detected at the rectifier end, resulting in 
a delay before the rectifier reduces the DC current. Therefore AC voltage collapse may occur 
unless the inverter is able to counteract the current increase by raising the terminal voltage. 
However, this is not possible as a conventional inverter operating on minimum commutation 
margin has a negative impedance characteristic. On the other hand, a CCC inverter operated at 
minimum commutation margin has an almost constant or slightly positive impedance, which 
improves the response to a transient current increase compared with a conventional converter. 

If required, larger commutation margins can be achieved, without increasing the reactive 
power consumption of the converter station, by reducing the capacitance of the commutating 
capacitors in order to increase their contribution to the commutation voltage. The firing 
angle (when referred to the AC system voltage) can even be increased beyond 180°, thus 
permitting the converter to supply reactive power. 

A study carried out by the Manitoba HVDC Research Centre has indicated that series 
capacitor compensation is one of the most economical methods of AC voltage control for 
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t Vcap 
Va A $ AC network equivalent 


C 
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: AC filters 
capacitors (small Mvar) 


Figure 9.1 Capacitor commutated converter CCC (Gole, A.M. and Meisingset, M. (2002), ‘Capacitor 
commutated converters for long distance HVDC Transmission', Power Engineering Journal, June, 
reproduced by permission of the IET.) 


CAPACITOR COMMUTATED CONVERSION 277 


Table 9.1 Cost comparison of voltage control devices 


Voltage control device Economic evaluation (% of station capital cost) 
Capital cost Capitalised operational Total lifetime 
cost cost 
Synchronous condenser (1 unit) 21 11 32 
Synchronous condenser (2 units) 40 15 55 
Thyristor-controlled reactor 17 6 23 
Thyristor-switched capacitor 18 5 23 
Metal-oxide varistor 14 Negligible 14 
Series capacitor 13 1 14 


HVDC converter stations [4]. Table 9.1 summarises the centre’s findings with reference to 
a 810 MW inverter station. 

The first commercial application of the CCC configuration is the Garabi 1100 MW back- 
to-back connection between Argentina and Brazil [5], which has been in operation since the 
year 2000. 


9.2.1 Basic CCC Operation 


Typical waveforms for the AC, capacitor voltages and AC side voltages for two different 
values of the DC are illustrated in Figure 9.2. These refer to a link operating at 250 kV, 2kA 
(on the DC side) and 207kV phase-to-phase voltage on the secondary side of the converter 
transformer. As the commutated current (Figure 9.2(a)) flows through the series capacitor, 
it develops the voltage waveform shown in Figure 9.2(b) with a magnitude proportional to 
the DC current. The phase voltage on the valve side of the converter is then increased by 
the series capacitor voltage. The resulting line voltage waveform on the valve side of the 
series capacitor and the AC bus voltage are shown in Figure 9.2(c). 

The valve side voltage is seen to be lagging the AC bus voltage by an angle y in proportion 
to the DC current. Therefore the off-going valve has a longer interval of reverse bias than 
in the conventional converter. Figure 9.2 also shows the real and apparent extinction angles 
(y and y,,,), where y is measured from the turn-off instant of the off-going valve to the 
instant when forward biasing voltage is applied. The apparent extinction angle y,,,,, on the 
other hand, is the value corresponding to the conventional converter. 

For the case of 7, =2kA, Yapp = 1° and y = 39°, the small apparent extinction angle 
corresponds to a near unity power factor in this case. Thus CCC reduces the need for 
shunt capacitive compensation at the converter bus and the commutating voltage is self- 
adjusting, i.e. the larger the current, the larger the lag y of the valve side voltage. This 
makes CCC attractive for long cable applications, where large currents often occur as the 
cable capacitance discharges following an AC voltage reduction. 


9.2.2 Simulated Performance 


The test system chosen to compare the performance of CCC with the conventional 12-pulse 
conversion consists of a 600 km DC cable transmission link rated at 1200 MW and 500 kV 
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Figure 9.2 CCC operating waveforms for two values of the DC (Gole, A.M. and Meisingset, M. 
(2002), ‘Capacitor commutated converters for long distance HVDC Transmission’, Power Engineering 
Journal, June, reproduced by permission of the IET.) 


DC voltage; the inverter is connected to a 300kV weak AC system (with a short-circuit ratio 
of 1.82) and maintains a constant extinction angle of 20°. All the reactive power required 
by the converter is assumed to be provided locally. The results are derived with the help of 
electromagnetic transient simulation. 


Steady-state characteristics 


The superior voltage regulation of the CCC configuration is clearly illustrated by the char- 
acteristics shown in Figure 9.3. Graph (b) shows that the load rejection (i.e. zero-current) 
overvoltage is reduced by about 25 96. Graph (c) shows that CCC increases the maximum 
available power, thus providing a higher stability margin when operating in the power control 
mode. Graph (d) shows that the real extinction angle (set up at 20° for the conventional case) 
increases with DC loading. This feature of CCC is particularly useful in the case of long- 
cable transmission, as the probability of a commutation failure (caused by an undervoltage 
condition that increases the DC due to the discharge of the cable capacitance) is substantially 
reduced. 
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Figure 9.3 Steady-state characteristics for the CCC and conventional configurations: (a) DC voltage 
in per unit; (b) inverter AC voltage in per unit; (c) power in per unit; (d) real extinction angle in degrees 
(Gole, A.M. and Meisingset, M. (2002), ‘Capacitor commutated converters for long distance HVDC 
Transmission’, Power Engineering Journal, June, reproduced by permission of the IET.) 


Dynamic performance 


The results of extensive EMTDC simulation [2], carried out to compare the performance of 
the conventional and CCC configurations, have shown that the latter: 


e reduces considerably the AC overvoltage following load rejection; 
* allows larger set-point control changes; 
e improves the recovery from three-phase faults; 


e slows down the recovery from unbalanced faults. The reason for this behaviour is 
the asymmetrical charge of the series capacitors caused by the unbalanced fault; the 
stored energy from this charge must be dissipated to restore the capacitors’ balanced 
operating mode. 


Moreover, the possibility of transformer core saturation instability, a common occurrence 
in the conventional schemes, does not exist in CCC because the series capacitors block any 
DC entering from the valve side. 

EMTDC simulation has also shown that the current control mode of operation is more 
effective when implemented at the inverter end. This is so because, for AC side faults, the 
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cable discharges into the converter and it is more difficult to control the discharge current 
from the remote rectifier end of the link. 


9.3 Continuously Tuned AC Filters [6] 


Filters are characterised by their impedance and bandwidth. A low impedance is required to 
achieve a sufficiently low harmonic voltage and a reasonable bandwidth is needed to reduce 
the effect of filter detuning. 

Detuning of conventional filters is caused by network frequency excursions and component 
variations, e.g. capacitance changes due to temperature differences. 

A filter in which tuning can be adjusted to follow frequency variations and component 
variations can be designed with a high-Q factor to provide a low impedance for the harmonics. 
Automatic tuning will also ensure that all risks of resonances and current amplification 
phenomena are eliminated, implying that the ratings of the AC filter components can be 
reduced. 

In the proposed filter, tuning is achieved by varying the inductance by means of a 
transverse DC magnetic field. This field is perpendicular to the main flux direction and does 
not affect the linearity of the magnetising process. A cross-section of the reactor is shown 
in Figure 9.4. The control winding, placed at ground potential, is insulated from the main 
winding by an epoxy filament cylinder. 

With the continuously tuned filter, separation of filtering and reactive power compensation 
is possible, since filters with low reactive power generation can be built. 

In combination with the CCC concept (described in Section 9.2), where only limited 
reactive power compensation by means of shunt filters is needed, the continuously tuned filter 
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coil winding for 
filter current 


tube-shaped core direct current control 
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Figure 9.4 Cross-section of the self-tuned filter reactor (Arrillaga, J.(1998), HVDC Transmission, 
second edition, IEE Power and Energy series 29, reproduced by permission of the IET.) 
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is an attractive solution. With automatically tuned filters for the 11th and 13th harmonics 
and conventional high-pass filters, only between 0.12 and 0.15pu total reactive power is 
needed. With such a small AC filter, the harmonic resonance, formed by the AC system 
inductance in parallel with the shunt filter capacitance, will be sufficiently high, i.e. above 
the third harmonic, and as a consequence the use of low-order filters will not be required. 


9.4 Active DC Side Filters 


Considering the part played by the AC filters in the provision of the LCC reactive power 
requirement, the replacement of present passive filters by an active alternative is not envis- 
aged. However, this is not the case on the DC side, where an interesting hybrid solution has 
already been implemented [7, 8]. 

The principle of the passive/active filter concept is that the harmonics in the DC line 
current are measured; a controller reproduces a current in counter phase with the disturbance; 
this signal is then amplified in a high-power amplifier and finally fed into the neutral bus 
end of the DC filter by a transformer 

The main components of the active filter are a harmonic current transformer (HCT), a 
computerised controller, a PWM power amplifier, and a high-frequency transformer together 
with a transient overvoltage protection. These are shown in Figure 9.5. 

The harmonic current transformers consist of a Rogowski coil and electronic circuits 
that convert the measurement to optical information which is fed to ground potential by an 
optical fibre. 


smoothing reactor 


protection 
arrester circuit 


E pole 1+2 


Figure 9.5 Active DC filter (Arrillaga, J. (1998), HVDC Transmission, second edition, IEE Power 
and Energy series 29, reproduced by permission of the IET.) 


282 DEVELOPMENTS IN LINE-COMMUTATED HVDC SCHEMES 


The controller is realised in the same hardware and software environment as the control 
equipment for the HVDC pole. A digital signal processor handles the fast controller mathe- 
matics in conjunction with a single board computer. 

The PWM power amplifier consists of a large number of digitally modulated transistors 
working in parallel in switched bridges. The output ranges up to 4kHz at a peak voltage of 
about 300 V and a power of LOOKVA. 

The high-frequency transformer is of a dry isolated type and has a ratio of 1:20 with the 
low-voltage side connected to the amplifier. 

The transient overvoltage protection is realised by two anti-parallel thyristors of the same 
type as the thyristors used in the HVDC valve. The protection is triggered by overvoltage 
or overcurrent. 


9.5 STATCOM-Aided DC Transmission 


LCC needs an AC voltage source to operate; the source can be in the form of synchronous 
generators or synchronous compensators. The availability of VSC-based STATCOM 
provides an interesting alternative that combines the robustness and cost-effectiveness of LCC 
and the flexibility of the PWM-VSC technologies. This hybrid solution has been proposed as 
an effective alternative for the connection of large-scale wind and oil platform applications. 


Large-scale wind power application 


Offshore wind power generation schemes in hundreds of megawatts are being planned, 
located at relatively long distances from the main load centres. The integration of such 
schemes with the network requires the use of cable transmission. The present capacity of a 
three-core AC submarine cable is typically 200 MW at 145 kV and, therefore, several cables 
would be needed for larger powers. Using HVDC instead, considerably larger powers can 
be transmitted with only one cable. Also, feasibility studies are being carried out for inland 
wind farms in remote areas, such as the USA and Sahara Desert. In such cases the number of 
conductors required to transmit say 1850 MW at 400 kV would be 12 (of 282 mm?), whereas 
only 4 (of 644 mm?) would be needed for a bipolar DC overhead line operating at 4-500 kV. 

Apart from transmission simplicity, the DC option offers various advantages compared 
with AC, such as full control of power flow, less disturbance following network faults, 
reduced capital costs and lower power loss. 

The use of doubly fed induction generators (DFIGs) seems the preferred option for large 
wind farms due to their advantages in terms of speed control, reduced flicker and four- 
quadrant (i.e. active and reactive) power capability, achieved via the VSC-controlled rotor 
side. However, most of the AC transmission limitations listed above still remain. 

VSC transmission with self-commutating devices is already used in several schemes (see 
Chapter 10). However, at present, this technology does not offer an economic solution for 
very large power ratings due to the high power losses and capital costs of the multiple 
converters and cables required. The line-commutated HVDC technology provides high reli- 
ability, requires little maintenance and can be operated at a distance, as well as being more 
cost effective in terms of equipment and energy loss. The main problem of LCC, besides the 
need for an AC voltage supply, is its inability to provide independent control of the active 
and reactive powers. 
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In line with conventional technology, the use of LCC complemented by a synchronous 
compensator has been proposed for the integration of very large offshore wind farms into 
the network [9]. 

A more advanced solution, still benefiting from the robustness of LCC [10], consists 
of a thyristor-based converter and a STATCOM at the generating end of the scheme. The 
STATCOM provides the necessary commutation voltage to the HVDC converter, contin- 
uous AC voltage control, fast reactive power compensation to the network under transient 
conditions and removal of possible non-characteristic harmonic interactions. It also provides 
limited active power support to the network during transient conditions, such as active power 
changes of the wind farm output. Of course, the ability to provide active power support 
depends on the energy storage on the DC side, which in the case of a conventional DC 
capacitor will be very limited; larger energy storage could be provided by means of batteries, 
SMES (Superconductive Magnetic Energy Storage), etc. In the absence of passive reactive 
power compensation the AC harmonic filters are considerably reduced, an important consid- 
eration as space is at a premium in offshore locations. It is a robust, cost-effective and 
flexible solution for large-power and long-distance transmission. 

The proposal made in [10] relates to the transmission of power from a large wind farm 
based on DFIG over a long distance to the load centre. Diagrams of the scheme and its control 
strategy are shown in Figures 9.6 and 9.7 respectively and the comprehensive simulation 
studies reported show that the dynamic performance of the scheme is equivalent to that of 
VSC transmission 


Supply of power to offshore oil platforms 


The power requirement of offshore oil platforms is of the order of tens of megawatts, 
much of that in the form of direct on-line-started induction machines used for pumps and 
compressors. The platforms are often located hundreds of kilometres away from the onshore 
grid and a number of platforms are usually placed in close proximity to each other. They 
usually contain their own power generation in the form of gas turbines, as an alternative 
AC supply from the shore is impractical for other than short distances. However, private 
generation occupies valuable space, is expensive to run and requires maintenance outages 
which reduce the platform production capability. 

The main advantages of a network connection by means of a STATCOM-aided LCC 
HVDC link have already been outlined in the previous section. For this application the 
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Figure 9.6 Diagram of a hybrid HVDC system connecting a large DFIG-based wind farm 
(Reproduced by permission of CIGRE.) 
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Figure 9.8 Diagram of a hybrid HVDC system supplying offshore oil platforms (Reproduced by 
permission of CIGRE.) 


offshore terminal, shown in Figure 9.8, consists of a thyristor-based CCC, a STATCOM and 
a passive filter. Because of the use of CCC, the reactive power requirement of the converter 
is small and this reduces the size of the passive filter as well as the area of the site. 

The STATCOM can be of the cascaded H-bridge type or any of the other topologies 
discussed in Chapter 6, and its power rating is much smaller than that of the overall scheme 
rating. Moreover, the overall power loss is substantially reduced with respect to that of an 
equivalent VSC transmission link. 


Simulated performance 


The dynamic performance of a hybrid scheme for the connection of an offshore wind 
farm has been carried out using EMTDC simulation. The wind farm and DC transmission 
power rating is 500 MW and that of the STATCOM +100MVAR. The wind generation is 
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Figure 9.9 Simulation results of system starts and variation of wind generation: (a) STATCOM 
DC link voltage; (b) STATCOM AC; (c) offshore AC system frequency; (d) reactive powers; (e) 
active powers; (f) HVDC converter dcs; (g) HVDC rectifier DC voltage; (h) offshore AC system 
voltage waveform; (i) offshore AC system rms voltage; (j) rectifier and inverter firing angle orders 
(Reproduced by permission of CIGRE.) 


represented as a lump DFIG model with an operating power factor range of +0.95. The DC 
link is based on the CIGRE benchmark model [11] with an SCR of 3 at the inverter end. 
The STATCOM is a two-level VSC switching at 1350 Hz and its DC capacitor has a total 
energy storage of 4 MJ at the nominal (500 kV) voltage. There are two passive filters, one 
rated at 60 MVAR and tuned at the 12/24 harmonics, while the other is a high-pass filter 
rated at 12 MVAR. The following graphs are shown in Figure 9.9: 
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(f) HVDC converter dc currents 

(g) HVDC rectifier DC voltage 

(h) offshore AC system voltage waveform 

(i) offshore AC system rms voltage 


(j) rectifier and inverter firing angle orders. 


The results show the dynamic response for the following operating sequence. Between 0 
and 0.2s the STATCOM ramps up the AC voltage to offset the filter capacitors; at 0.3 s 
the DFIG is enabled (absorbing reactive power); at 0.5s the DC link is deblocked and its 
DC voltage starts to increase; from 0.6s on the DFIG active power ramps up and at 1.2s a 
reactive power step is applied to the DFIG to make it operate with leading power factor. 

The reactive power changes can be followed in graph (d). The inverter controls the DC 
voltage, which therefore stays practically constant throughout the operating conditions. Thus 
the results of Figure 9.9 clearly indicate that the scheme operates stably under normal 
operating conditions. 


9.6 AC Transmission Lines Converted for Use with HVDC 


Normally AC transmission lines are not loaded to their maximum thermal rating and the 
firm power capability is lower in any AC transmission line arrangement than it would be if 
the line were used to transmit power by DC. If an AC link is used to transmit DC power, 
the conductors can form poles of a DC system which may be operated independently, if 
necessary, up to the thermal rating. 

The insulation, chosen to satisfy AC system requirements, could generally sustain a DC 
voltage to earth equalling the peak value of the AC voltage to earth, or exceeding it if heavy 
atmospheric pollution is not a limiting factor. The possibility of using earth return under 
outage conditions offers an added attraction. 

Similar arrangements could be made for both land and submarine-type cables. This prin- 
ciple has already been applied in the case of DC transmission to Vancouver Island. The 
conversion capability is not restricted to overhead lines and cables. Capacitor units for series 
or shunt compensation, if suitably specified initially, could be reused at converter stations 
to constitute harmonic filters. Existing AC switchgear could also be reapplied at converter 
stations to provide isolation facilities and, in the event of schemes with earth return, AC 
switchgear could be used for high-speed changeover duty. An additional benefit will be a 
reduction in the fault level. 

The major problems expected in the implementation of this method of increasing power 
transmission capability are: 


e The withdrawal from service during the period of changeover. 


e The need, in many schemes, to provide loads at intermediate points. 
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This method is a practical alternative to the addition of further parallel AC circuits or the 
introduction of a higher AC voltage. It thereby provides an economic means of overcoming 
potential amenity problems which may eventually emerge as the limiting factor of public 
acceptance of very high-voltage overhead transmission. 


9.6.1 Modulated (Tripole) DC Transmission 


The possible conversion of existing AC lines to HVDC transmission is a subject regularly 
under consideration, but so far ignored by the power industry due to the cost of the converter 
plant required and, in the case of single circuit lines, to the bipolar character of DC which 
makes one of the AC phases idle. However, a document presented at a fairly recent CIGRE 
meeting [12] proposes an effective way of achieving the AC to DC conversion by adding a 
third pole to the bipolar station. One pole is positive, while the other two share the negative 
pole role. To avoid the positive pole carrying more current than the two negative poles, the 
scheme suggests rotating the overload among the three poles. Each pole carries the overload 
current one-third of the time, thus causing temporary excursions in conductor temperature; 
a typical time of 4 minutes is suggested to reduce the temperature excursions to about 2 °C. 
The pole rotation is achieved by reversing the polarity of one pole, which, in the case of 
LCC, requires the use of double valves in anti-parallel, as shown in Figure 9.10. The scheme 
claims to achieve about 40 % extra power rating, while reducing power losses in the range 
of 20 to 25 % compared with a bipolar system transmitting the same power. 

The modulation ratio, defined as r= 1,,,,/1,,;,, affects the power distribution, the pole 
powers (1, 2 and 3), total power (Tot.) and the losses as shown in Table 9.2. 
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Figure 9.10 Tripolar HVDC transmission configuration 


Table 9.2 Power distribution and losses for different modulation ratios 


Criterion Power 


r 1 2 3 Tot. Loss 


Minimum losses 2.00 0.47 0.47 0.32 1.27 0.75 
Equal power/pole 3.00 0.45 0.45 0.45 1.34 0.78 
Maximum power 3.73 0.43 0.43 0.50 1.37 0.80 
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At maximum rating the tripole drops only 27% of its capacity with either a pole or 
conductor outage. Its internal redundancy is greater than a double bipole with no permanent 
ground return. Moreover, in the presence of a metallic ground return path, the power transfer 
of the tripole could be operated at 1.5 times the bipole rating for as long as the emergency 
ground return is permitted (typically 30 minutes). 


9.7 HVDC Transmission at Voltages above 600 kV 


As indicated in the Introduction, +600kV is the highest DC voltage level implemented 
so far. There is, however, increasing interest in the application of higher transmission 
voltages, possibly up to +800 kV. The main reason is that most of the hydro-power resources 
that are close to the consumer centres have already been exploited. Thus, to meet the 
increasing demand for renewable energy, remote hydro generation plants with very large 
power ratings are being built (or seriously considered) in various regions of the world, 
especially China, India, South Africa, Congo and Brazil. A recent comparison [13] carried 
out for the transmission of 6400 MW over 1800 km indicates that the total cost for the 800 kV 
alternative is about 25% lower than for 600 kV and the total losses 50 % lower. 

The transmission of very long-distance power of such capacity to important load centres 
requires high reliability, as the probability of line faults increases with the length. Concen- 
trating the power transfer on a smaller number of overhead lines increases the risks involved 
when some of these lines are taken out of operation in an unplanned manner due to weather- 
related incidents, technical failures or sabotage (problems that also apply to AC transmission 
links). The risks can be mitigated by a variety of measures. Normally the terminal stations 
will have more than one converter group per pole, so as to minimise the disturbances during 
faults. Another reason for increasing the number of groups is the transport restriction on 
converter transformers. Each 12-pulse group should have a separate valve hall, with six 
double valves and six single phase two-winding transformers. The converter stations should 
be designed with some redundancy to reduce the likelihood of line trips. The two poles of 
the bipolar HVDC line must be designed with as much independence as possible; when one 
pole is tripped, monopolar operation should be possible with the remaining pole. A majority 
of line faults are likely to affect only one pole and these can be cleared in a few cycles, 
during which period the healthy pole compensates for the loss of power. 

If a number of HVDC lines are available when one of the lines is taken out of operation, 
the other lines can be provided with temporary overload capability. Finally, the complete 
power system should be designed in such a way that the overall system stability is maintained 
even if the power from one of the 800kV DC links is totally lost. 

In some existing schemes the two converters in the bipole can be paralleled and the 
power transmitted on one pole line, although with higher losses. Switching stations can also 
be placed along the line to cope with simultaneous line faults on different segments along 
the line. 

The operational experience from existing HVDC schemes, from 250 to 600 kV has shown 
that the flashover rate has no direct correlations to the DC voltage level. The specific 
creepage distance needed is dictated by the site pollution severity [14]. 

A critical design issue is the insulation coordination of the stations. Considering the larger 
expected stresses at S00 KV, the converter stations in this case should be provided with 
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higher insulation margins. The study of external insulation is a key topic in the 800kV 
HVDC programme development [15]. 

Although the use of 800 kV is considered achievable in the near future, at the top of the 
power and distance range considered (5000 MW and 4000km) the optimum transmission 
voltage is more likely to be around 1000-1100 KV. 

The main competition to HVDC for the power ratings and distances considered appears 
to be from bulk gas transmission, with the electricity generation needed for consumption in 
locations far from the gas field. 

Considering that the costs of DC terminals and of combined-cycle plants are not affected 
by the transmission length, the transmission of electricity is more attractive than gas trans- 
mission for: 


* longer distances; 


higher cost areas for transmission lines and gas ducts; 
* lower prices for gas at the gas field; 


e smaller powers. 


9.8 Concluding Statements 


The reliability and transmission efficiency of conventional CSC HVDC technology will be 
difficult to be matched by the emerging self-commutating VSC transmission technology. 
While the power rating and characteristics of the more controllable switching devices 
continue to improve, the thyristor technology is not at a standstill. Apart from the continuing 
research in the thyristor itself, the main advances in CSC technology relate to the develop- 
ment of converter configurations with lower reactive power and filter requirements; recent 
additions in this respect are CCC, hybrid STATCOM/conventional conversion, self-tuned 
AC filters and active DC filters. 

New ideas to reduce the cost of possible conversions of existing AC lines for use by DC 
continue to emerge, the tripole current-modulated concept being the most recent proposal. 
Finally, the development of a higher voltage (beyond 600kV) HVDC technology currently 
under active investigation is likely to provide further incentive for the continuing used of 
CSC thyristor-based transmission. 
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VSC Transmission 


10.1 Introduction 


The great advances made in the past two decades on power semiconductors, described 
in Chapter 2, encouraged the manufacturers to investigate their possible use in HVDC 
transmission. As a result, a more flexible VSC transmission technology has been developed 
that does not rely on the AC system voltage for the valves’ commutations. 

The structural and operating characteristics of self-commutating VSC have already been 
described in Chapter 4. With reference to power transmission, self-commutating VSC offers 
the following advantages over conventional LCC-CSC: 


e Each end of the link can be controlled to absorb or generate reactive power independently 
of the active power transfer. 


e The DC link can be connected to a weak, and even passive, AC network. 
e VSC transmission has no minimum DC limits. 


e VSC transmission can be designed to provide a variety of ancillary services to the inter- 
connected AC systems, such as reactive power compensation, harmonic and unbalanced 
voltage compensation, flicker elimination, etc. 


At the time of writing, self-commutating HVDC is only available in the form of PWM-VSC, 
a technology developed by ABB under the code name of HVDC Light. Therefore, much 
of the chapter is devoted to this subject. HVDC Light provides the most flexible power 
transmission alternative in terms of power controllability. However, the high-frequency 
switching required by the PWM process results in substantially higher losses than those 
of line-commutated CSC transmission, a factor that has stimulated the development of the 
multi-level self-commutating VSC transmission options discussed in Chapter 11. 


Flexible Power Transmission: The HVDC Options J. Arrillaga, Y.H. Liu and N.R. Watson 
© 2007 John Wiley & Sons, Ltd 
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10.2 Power Transfer Characteristics 


The basic configuration of a point-to-point VSC transmission link consists of two VSC units 
and a DC line as shown in Figure 10.1. Each end of the link may be connected to a separate 
AC system or to a different bus of a common grid. Moreover, the receiving end of the link 
may supply power to a totally passive system. 

To simplify the description, the interface transformers are represented as ideal transformers 
in series with their leakage reactance (X¢). V. is the converter output voltage (on the primary 
side of the ideal transformer) and V, the converter terminal voltage (behind the transformer 
reactance). The AC system is represented by a series reactance (X, ) and an ideal source (V, ). 
The three voltages (Vs, Vc, Vr) indicated in Figure 10.1 are the line (i.e. phase-to-phase) 
voltages. 

On the DC side, V, is the converter DC voltage and the line is modelled as a series 
inductive (L,.) resistive (R,.) circuit. 

The AC system voltage and current relationships at the sending and receiving ends are 
illustrated in the phasor diagrams of Figures 10.2 and 10.3. In these diagrams 6 is the phase 
angle difference between the AC system source and converter voltage and ó' the phase angle 
difference between the AC system source and the converter terminal voltage. The following 


Figure 10.2 Phasor diagram at the sending end of the link 
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Figure 10.3 Phasor diagram at the receiving end of the link 


expressions apply to the (fundamental frequency) active and reactive powers at the sending 
and receiving ends of the link: 


Va V, VV. VV, 
= vL. sin(6,) = —3—7 sin(51) = 4 © sin(8, — 81) (10.1) 
Xi t Xo Xp Xo 
VV, Vo V, Vr V, 
n= — 2 O sin(8,) = —— sin(8,) = 2 © sin(8, — 87) (10.2) 
Xn tXo Xp Xo 7 
Vo (Ve, — Ve, cos(6 
Osa = si - - (6,)) (10.3) 
utc 
s Vs; (Vs; — Vc; cos(85)) (10.4) 


Xi; + Xo 


The reactive powers between the AC sources and their respective interface transformer 
terminals are expressed by 


Vs (Vs — Vr, cos(01)) 


Qsri = (10.5) 
STI X4 
Vo (Vs — Vr, cos(05)) 
Oops = 2 = T2 2 (10.6) 
L2 


Ideally, the transfer of active power should take place with minimum loss (i.e. with minimum 
AC at each end), a condition that in the case of PWM-VSC transmission is achieved by 
independently controlling the reactive power injected at each end of the link. 
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10.2.1 Current Relationships 


The following relations apply to the phasor diagram of Figure 10.2: 


(Vs, /¥3) = (Vei/ v3) cos(0,) = I (X, +Xcı) sin(65,) (10.7a) 
I (Xp,  Xc1)cos(05,) = (Vc /3) sin(,) (10.7b) 
(Vs, /¥3) sin(6,) = (Xj; + Xc,)1; cos(00,) (10.7c) 


Eliminating 6;, between Equations (10.7a) and (10.7b) gives 


= VS ab Và — 2Vc Vs, cos(0,) - y Và + Vh — 2Vj, Vs, cos(01) 


I (10.8) 
N3(X Xe) V3X11 
Then combining Equations (10.7c) and (10.8), 
cı = cos! Ys sin(0,) | for Ve, > Vs, cos(0,) 
ii Jy Và + Vài — 2Vci Vs; cos(8,) ' E i i 
or 
=i Vsi ; 
0c, = — cos : sin(6,) | for Vc, < Vs, cos(0,) (10.9) 
V Vi + Và — 2Vci Vai cos(8,) 
and 
05; = ô; — Oc 
Similarly from Figure 10.3, 
PR y V + Và -2Vc; Vs, cos(0;) _ y V + Via — 2Vr;, Vs; cos(8;) (10.10) 
ps = 3 
V3(Xi2+ Xo) V3X12 
V, 
05, = cos" = sin(6,)} for Vs. > Vex cos(6>) 
JVs Và — 2Vc; Vs, cos(0,) 
Or 
05, = — cos”! Vo sin(6,)| for Vi. < Ve cos(ô,) (10.11) 
y V + Vés - 2Vc Vs, cos(8;) ! 
and 


0c; = 05 = 05; 
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The AC real and imaginary components (using their respective source voltages as a refer- 
ence) are 


Igei = I; cos(05,) Timi = A sin(05;) 


In? = I; cos(05;) Lm = Lsin(05;) (10.12) 


AC current minimisation 


The receiving end AC current is at its minimum value (for a specified value of P,) when 


V, P(X + Xo)? 
Ya [iy Bote at Xea) (10.13) 


4 
Vso 
Using instead the interface transformer terminal voltage (V;,) as a reference, the minimum 
current condition becomes 


(10.14) 


The components P2(X,, + Xc;)?/V$, in Equation (10.13) and P;X7,/V¢, in Equation (10.14) 
can also be written in terms of the SCR (short-circuit ratio), which expressed in the per unit 
system become 


PI(Xi; + Xoy = | P, | | | E e 
V Parara Vio X» ted 
Pa TIN D 
= 2 2rated (10.15) 
Praed Vs = 
Pix, = | P, I |] | X12 ] 
Veo Parate Vo X» ated 
P Vien 
= | 2 I | e E - I (10.16) 
Praed Vs2 SCR, 


where V,,,,,, and P,,,,,, are the rated values of voltage and power used as base parameters 
in the per unit system. 

To achieve minimum AC current, Equations (10.13) and (10.14) indicate that the ratios 
Voo/Vs and Vr2/Vs2 have to increase when the active power demand increases. Moreover, 
their maximum increments are strongly dependent on the AC system impedance, i.e. a strong 
AC system requires a low increment and a weak system a high increment. Also a slight 
variation in the AC source voltage (V,,) can cause a significant change of the ratio due to 
the fourth exponent. 

For example, if the SCR of the receiving end is 2.5, to transfer the rated active power 
with a source voltage Vs, equal to 0.96V3,,,,.¢ the required ratio is Vc;/V., = 1.091 and the 
converter AC output voltage needs to be adjusted to Vc, = 1.047V,,,,.,. 
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A similar process will achieve the current minimisation at the sending end in the case 
of PWM-VSC transmission, where the reactive power injection required to get the right 
Vc, / Vs, ratio can be controlled independently from that at the receiving end. This is not the 
case with the multi-level HVDC alternatives, as will be discussed in Chapter 11. 


10.3 Structure of the VSC Link 


The structure of each terminal in a VSC transmission link is shown in Figure 10.4 [1] 
and the physical layout of a typical station is illustrated in Figure 10.5 (the total building 
site is 45 m by 18 m). Chapters 4—6 and 7 have described the characteristics of the various 
self-commutating converter topologies in existence or under consideration. 


i 


Figure 10.4 Main components of a VSC substation: (a) AC system circuit breaker; (b) AC side 
harmonic filter; (c) AC side radio-frequency interference filter; (d) interface transformer; (e) converter 
output harmonic filter; (f) high-frequency-blocking filter/phase reactor; (g) VSC converter unit; (h) DC 
side capacitor; (i) DC side harmonic filter; (j) neutral point grounding; (k) DC reactor; (1) common 
mode blocking reactor; (m) DC side radio-frequency interference filter; (n) DC cable or overhead line 
(Reproduced by permission of CIGRE.) 
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Figure 10.5 Physical layout of an HVDC converter station (Reproduced by permission of ABB.) 
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The main function of the station circuit breaker, shown on the far left of Figure 10.4 
(component a), is to disconnect the AC system from the DC link during faults. The breaker is 
needed because, unlike the CSC-based option, VSC transmission has no inherent capability 
to clear DC line faults. The latter will cause the DC capacitor to be discharged and the fault 
current will flow through the diodes until the station circuit breaker opens. Also, when the 
DC capacitor is charged from the AC system by switching the station breaker, the latter 
requires the assistance of a closing resistor to reduce the charging current. This resistor also 
helps to reduce the inrush currents of the transformers and filters during station energisation. 

The next component (b in Figure 10.4) represents the AC side harmonic filters, their 
need depending on the particular design concept being used. Generally this requirement 
will be very limited in the case of VSC, as compared with conventional CSC transmission 
technology. In both cases the filter design principles are the same, but they will be cheaper 
and more compact in the case of VSC. The use of PWM only produces high-frequency 
harmonics and, therefore, a high-pass filter is sufficient (i.e. no tuned filters are needed); 
moreover, as the filters do not have to contribute to the reactive power demand, there is no 
need for filter subdivision switchgear. A radio-frequency interference (RFI) filter (component 
c) may be needed to reduce the penetration of high-frequency harmonics into the AC system. 

An interface transformer (component d) is required to adapt the converter voltage and 
provide reactance between the AC and converter unit in order to control the AC output 
current. Instead of the transformer, an air-core reactor can be used for this purpose in a 
VSC terminal station. The transformer also fulfils the other tasks indicated in conventional 
LCC transmission, except that in this case the only purpose of the on-load tap-changer (if 
installed) is to optimise the VSC operation and, thus, reduce the power losses. 

A harmonic filter (component e) and a high-frequency blocking filter (component f) are 
shown on the converter side of the interface transformer, the latter consisting of a series 
reactor and a shunt capacitor. 

Next is the DC storage shunt-connected capacitor (component h), which keeps the DC 
voltage within tight limits and controls the DC voltage ripple. A DC link will require an 
independent DC capacitor at each end, in order to maintain a stable DC voltage, i.e. the use 
of a common capacitor in the middle of the line is not recommended. 

DC filters (component i) can be placed in parallel with the DC capacitor where the limits 
of voltage or current distortion in the line may be exceeded. 

Grounding at one point in the DC side (component j) is needed to define the potential 
of the DC circuit. The grounding branch can consist of reactance, capacitance, resistance or 
even an electrode (if ground return operation is planned). 

The remaining components in Figure 10.4 are only needed for long-distance transmission. 
These are a DC reactor (component k), a common mode blocking reactor (component 1), a 
DC side RFI filter (component m) and, of course, the DC line (component n). The DC line 
can in theory be either overhead or cable. The latter is, however, the preferred option as 
explained in the following section. 


10.3.1 VSC-HVDC Cable Technology 


As the cable is not exposed to lightning strikes, storms, falling trees, etc., the probability 
of DC line short circuits is greatly reduced. This is an important consideration in VSC 
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transmission because such faults require isolation of the link by circuit breakers at both ends 
to permit clearance of the reactive energy and the return to normal power flow is very slow. 

There is no limit in DC cable length without the need for intermediate stations. Generally, 
cables have far less impact on the environment than overhead transmission. The magnetic 
fields are almost completely eliminated by adopting the bipolar system and they do not 
produce ground currents. Moreover, the lifetime of the cable insulating materials is better 
for DC than AC. 

VSC transmission allows only one DC polarity and thus the cable does not require to be 
designed for polarity reversals. This greatly simplifies the cable design, permitting the use 
of polymeric insulation, instead of the conventional oil-impregnated paper insulation. The 
polymeric insulation material can withstand high forces and repeated flexing and is thus 
more suited for deep-water installation. This is because this type of cable can use galvanised 
steel wire armour, whereas AC cables need to use non-magnetic, less strong armour. Present 
standard voltages for the polymer-insulated cables used in recent HVDC schemes are 84 
and 150kV [2], but cable ratings of 300kV are currently under development. 
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Figure 10.6 ABB deep-sea submarine cable (Reproduced by permission of ABB.) 
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In these cables the polymeric insulation is triple extruded together with the conductor 
screen and the insulation screen. This offers a very robust design, suited to land installation 
(using ploughing techniques), as well as submarine use under severe conditions. 

Extruded HVDC single core cables are installed close to each other in bipolar pairs with 
anti-parallel currents that cancel the magnetic field. 

A general cutaway drawing of the deep-sea submarine cable used in recent ABB HVDC 
schemes is shown in Figure 10.6. 

The main problems of cable transmission for long distances over land are laying costs 
and reliability, due to the large number of joints required. These are caused by the limited 
length of cable that can be transported by road. 


10.4 VSC DC System Control 
10.4.1 General Philosophy 


The common feature of all VSC configurations is the generation of a fundamental frequency 
AC voltage from a DC voltage; the control of this voltage, in both phase and magnitude, is 
the basic function of the VSC. 

The phase angle (6), and therefore the active power transfer, are controlled by shifting 
the fundamental frequency voltage produced by the converter. The power transfer can be 
either from the AC system to the converter or vice versa depending on the sign of the phase 
angle difference, i.e. the VSC can act as a rectifier or an inverter. 

In multi-pulse and multi-level configurations with the valves switching at the fundamental 
frequency, the magnitude of the generated AC voltage will be directly proportional to the 
DC capacitor voltage. The latter can be varied by feeding power from the AC side into it or 
out of it, by means of small variations in the phase angle difference between the AC system 
voltage and the converter voltage. When power is fed into the capacitor, its charge increases 
and so does its voltage. When power is taken from the capacitor, its voltage decreases. A 
disadvantage of using the DC voltage level to control the AC voltage is the time taken to 
charge the large DC capacitor. 

Present VSC-HVDC schemes do not effectively operate in this control mode. Instead, 
they are designed to keep the DC voltage nominally constant and the control of the converter 
AC voltage is achieved by means of PWM. In VSC-PWM conversion, as explained in 
Chapter 5, the AC voltage output is varied by means of a modulation index signal (A) 
defined as the ratio of the required AC voltage magnitude to the maximum AC voltage 
that can be generated for a given DC size capacitor. When this modulation index is 
close to one the converter voltage is greater than the AC system voltage and reactive 
power is transferred to the AC system. When the index is low (i.e. the converter voltage 
is lower than the system voltage), the converter absorbs reactive power. There are two 
possible strategies to implement the modulation index, namely direct control and vector 
control [1]. 

In direct control the modulation index A or the phase angle (6) are adjusted directly from 
the parameters being controlled as shown in Figure 10.7. Vector control, the alternative 
strategy, decouples the adjusting action of the modulation index from the phase angle, as 
shown in Figure 10.8. The current control attached to this strategy protects the valves from 
overloading, but this extra current loop slows down the speed of response. 
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Figure 10.7 Direct control of the modulation index A and phase angle (Reproduced by permission 
of CIGRE.) 
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Figure 10.8 Vector control in terms of d and q axis current components (Reproduced by permission 
of CIGRE.) 


In the vector control strategy, the three-phase currents are transformed to d and q axes, 
which are then synchronised with the AC system three-phase voltage via a phase-locked 
loop (PLL). The d and q voltages generated by vector control are transformed to three-phase 
quantities and converted into line voltages by the VSC. 

A number of (up to three) degrees of freedom are provided by the PWM-VSC technology, 
as follows. 


Frequency control 


Controlling the frequency of the oscillator that determines the valve pulse firing sequence 
is essential when the VSC is the only source of power, i.e. the VSC link supplies power 
to an isolated load. When the VSC is connected to an active power system, the VSC can 
participate in the system frequency control by regulating the power delivered to or taken 
from the AC system. 
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AC voltage control 


The AC voltage can be controlled by regulating the magnitude of the fundamental frequency 
component of the AC voltage produced by the VSC on the converter side of the interface 
transformer, either by altering the DC capacitor voltage (in the case of two-level multi-pulse 
converters) or by varying the modulation index (in the case of PWM conversion). If the 
VSC feeds into an isolated load, the AC voltage controller also provides automatic control 
of the power going into the load (this assumes that the sending end of the link is controlling 
the DC side voltage). 

The converter transformer may be provided with OLTC (On-Load Tap-Changing) control 
with the purpose of keeping the bus voltage, and therefore the modulation index, within 
specified limits. 


Active power control 


The control of active power transfer is achieved by regulating the phase angle of the 
fundamental frequency component of the converter-generated AC voltage. Power is taken 
from or delivered to the AC system depending on the sign of this angle. The transfer of active 
power through the link requires simultaneous coordinated action at both ends of the link. 

Fast power transfer control can be used to damp electromechanical oscillations and for 
the improvement of transient stability following disturbances. 


Reactive power control 


The reactive power generated or absorbed by the VSC is controlled by the magnitude of the 
converter AC voltage source, which in PWM conversion is determined by the modulation 
index. The use of this function is important when the other converters in the transmission 
system are operating to maintain their respective AC voltages. 


DC voltage control 


As the various converters in a DC link share a common DC voltage, at least one of them is 
required to control the DC capacitor voltage, a task achieved by regulating the small extra 
power required to charge or discharge the capacitor to maintain the specified DC voltage 
level. A proportional or proportional—integral controller will be used for this task. 

In the case of multi-pulse conversion DC voltage regulation is the only way for the VSC 
to achieve AC voltage control. 


AC control 


Current control is often a desirable feature to ensure that the converter valves are not 
overloaded. As indicated earlier, this control can be achieved directly or through vector 
control (as shown in Figure 10.8), where the control of the current is an intermediate step 
in the control of other parameters such as the active and reactive powers. 
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Figure 10.9 Control levels of VSC (Reproduced by permission of CIGRE.) 


10.4.2 Different Control Levels 


There are three control levels in a VSC scheme (shown in Figure 10.9); these are referred 
to as firing, converter unit and system controls. 


Firing control 


The type of firing control of the bridge valves depends on the switching device and VSC 
configuration. 

In the PWM method, the valve firing sequence is regulated by the type of PWM applied. 
A number of selective harmonic elimination techniques have been discussed in Chapter 5 to 
achieve harmonic cancellation with the lowest possible switching frequency. In each case a 
compromise needs to be made between the degree of lower harmonic cancellation through 
PWM or multi-pulse configuration and the size of filters to be used. 

The type of oscillator used in firing control is a PLL, if it is to be synchronised to an 
active AC system, or independently locked, if feeding an isolated system. The input of the 
PLL is the three-phase voltage set measured at the filter bus. The output of the PLL is 
a time-dependent phase angle, which should be equal to the phase angle of the filter bus 
voltage vector in steady state, and a phase angle error. 


Converter unit control 


When the VSC uses the multi-pulse two-level configuration, the converter control determines 
the DC voltage across the DC capacitor by adjusting the phase of the PLL so that the phase 
angle created across the interface reactor causes the necessary power flow. If, instead, the 
VSC uses the PWM principle, the converter control changes both the phase angle of the 
generated fundamental frequency component of the converter AC voltage as well as its 
magnitude. The use of a single chop within the fundamental frequency cycle can be used to 
control the fundamental component magnitude in multi-level schemes. However, this action 
results in higher harmonic content. 

The VSC can also participate in the AC system frequency control by adjusting the 
frequency of the oscillator in the firing controls (if feeding an isolated system), or modulating 
the power (if feeding into an active AC system). 


System control 


By providing the appropriate signals as inputs and feedback quantities, the system control 
can achieve a variety of important functions, such as to control the real and reactive power 
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flows, control the voltage magnitude and phase angle, enhance the system transient stability, 
help to damp system oscillations, provide frequency control, etc. 

As in the case of LCC transmission, the specified power flow in VSC transmission is 
normally controlled at the sending end of the link and the DC voltage at the receiving end (at 
a nominally constant value). The difference between them is that, while in LCC the current 
is unidirectional (a change in power direction requiring DC voltage polarity reversal), the 
DC voltage polarity in VSC is always the same and power reversal is achieved by a change 
in the DC current flow direction. 


10.4.3 DC Link Control Coordination 


Normally one or more of the converters connected to the common DC bus will be used to 
regulate the active power needed to maintain the DC voltage across the capacitor within the 
prescribed limits. 

The converters at the two ends of a point-to-point link must be controlled to work together 
in order to transfer active power across. This action involves setting the appropriate phase 
angles (with opposite signs) for the AC voltages at the converter sides of their respective 
interface reactors. 

When reactive power as well as AC voltage control is used, interference between the 
different controllers can be avoided by selecting only those converters not used for AC 
voltage control to provide the reactive power control. 

If all the converters working in close proximity are controlling the same quantities, 
it is possible for each to participate in AC voltage control through a carefully designed 
droop characteristic. However, if their controlling functions are different (such as acting 
as independent power controllers), the droop characteristic may be difficult to define. As 
explained earlier, current control is an inherent feature of the vector control strategy; this is 
important to ensure that the AC current through the VSC is within the permissible operating 
range to avoid overloading. 

When the VSC feeds into an active AC system, where the frequency is fixed by 
synchronous generators and load frequency control, the VSC can participate in the frequency 
control by regulating the power delivered to, or taken from, the AC system. When the VSC 
feeds into a passive system, the voltage frequency is controlled by the frequency of the 
oscillator that determines the valve pulse firing sequence. 

Under normal operation each station controls its reactive power independently of the 
other. On the other hand, the active power flow of the sending end station must equal that 
of the receiving station plus the losses in the DC system. Any difference will result in an 
increase or decrease in the DC voltage. The power balance is achieved by using one of 
the converter stations to control the DC voltage, while the other station controls the active 
power order. The DC voltage controlling station will adjust its power order to ensure power 
balance (which means maintaining the voltage constant); this is achieved without the need for 
telecommunications between the stations, purely based on measurements of the DC voltage. 

However, power imbalances will occur during transient conditions. Assume for instance 
that a converter supplying power to the AC side is temporarily blocked. Then the energy 
stored in the inductances of the DC circuit will charge the DC capacitors and the DC voltage 
will increase; this will be counteracted by the DC voltage controlling station, which will 
decrease, and even reverse, the active power flow to maintain the DC voltage constant. At 
startup both stations are energised separately. When the AC breakers are closed, the DC 
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buses are energised through the anti-parallel diodes in each bridge. Once the gate drive units 
are charged, the converters in the two stations can be connected by the switches on the DC 
side. The first converter which is deblocked will control the DC voltage. 

During emergencies, power reversal through the link can be implemented very quickly. 
From the control viewpoint the converter can reverse full power in milliseconds, but the speed 
is limited by the network components. Reversal can be achieved without change of control 
mode and without any filter switching or converter blocking. It is implemented by changing 
the DC current direction, while the DC voltage remains constant. Under PWM control the 
reactive power controllers at each of the terminals continue to operate independently of the 
active power direction. 

As the AC current can be controlled, the HVDC link contribution to the short-circuit power 
is expected to be small. However, simulation studies carried out by ABB have shown that, in 
contrast to conventional CSC transmission, HVDC Light can contribute some short-circuit 
current, which varies in inverse proportion to the SCR, and that the maximum contribution 
occurs when the converters operate at zero active power. The contribution depends on the 
control strategy used. Under reactive power control, the short-circuit current contribution 
will be small, because the current order limit reduces with the voltage. In the AC voltage 
control mode, the contribution increases with decreasing active power if the current limit 
is not changed. Of course the increased short-circuit contribution is associated with an 
improved performance in voltage stability, i.e. the voltage dips during distant faults are 
reduced. During AC faults the current control will rapidly lower the fundamental frequency 
voltage of the bridge to reduce the DC current down to the pre-fault level. 

The gate units are provided with a primary valve/bridge protection system that acts in 
nanoseconds and a back-up protection system that acts in a few microseconds, the latter 
based on the current flowing in the DC capacitors and phase reactors. 


10.4.4 Control Capability of VSC Transmission [3] 


The capability of VSC transmission to help the stability of the interconnected power systems 
is limited, as shown in Figure 10.10, by the following three factors: 


1. The maximum current through the IGBTs. This gives rise to a maximum MVA circle in 
the power plane where the maximum current and the actual AC voltage are multiplied. 
When the AC voltage drops, the MVA capability reduces accordingly. 


2. The maximum DC voltage level. The reactive power is mainly dependent on the voltage 
difference between the AC voltage that the VSC can generate and the grid AC voltage. 
If the latter is high, the difference between the maximum DC voltage and the AC 
voltage will be low. The reactive power capability is then moderate, but increases with 
decreasing AC voltage. 


3. The maximum DC current through the cable. 


When the voltage level reduces, the capability is determined by the maximum current level. 
The small bias in the Q axis direction is due to the presence of a line reactor and filter 
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Figure 10.10 Active and reactive power converter capabilities 


capacitance within the VSC transmission system. When available, the converter transformers’ 
tap-changers also play an important part in the control of the reactive power transfer. 

The VSC link can alter the operating point anywhere within the capability chart (shown 
in Figure 10.10) practically instantaneously. Fast power reversal is also possible, which 
requires reversing the DC current direction and not the voltage polarity. The XLPE-based 
cable technology used can handle such reversals without any problems. 

The practically instantaneous variation of the active and reactive power within the capa- 
bility curve can be used to support the grid with the best mixture of active and reactive 
power during stressed conditions. In general, active power modulation will provide the best 
damping, but a mix of active and reactive power control will in some cases be the most 
practical solution. VSC transmission is able to support the AC grid with a suitable power 
factor to improve system stability. 


10.4.5 Assistance During Grid Restoration 


Following a blackout on the AC system, the VSC link will be able to assist recovery 
almost immediately by its inherent fast voltage controllability, regardless of the short-circuit 
capacity of the AC system. The extent of the benefit will, of course, depend on whether one 
or both ends of the link are exposed to the blackout. 

The DC link can then energise some of the AC transmission lines at a lower voltage in 
order to avoid the overvoltages caused by the Ferranti effect, thus permitting the remote 
connection of transformers at a safer voltage level. Following the transformer connection, 
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the DC link can ramp the AC voltage up to its nominal value. The VSC link can also feed 
auxiliary power to the local plants at the remote end and thus provide them with a stable 
voltage and frequency to start on. 


10.5 HVDC Light Technology 


HVDC Light is a pioneering technology developed by ABB [4], which combines the high 
controllability of PWM conversion (based on high-frequency IGBT switching) with the 
more reliable and environmentally friendly underground cable transmission. Other attractive 
features of the technology are its compact and lightweight design (based on a modular 
concept), short installation and commissioning times, low operation and maintenance costs 
(as the stations can be operated remotely) and great control flexibility. It is suitable for a 
large spectrum of applications in the transmission and sub-transmission of electric power. 
It was initially designed as standard units between 5 and 150 MW, which are built in self- 
contained modules. However, as a result of the successful performance of the early schemes 
and the availability of ever increasing component ratings, the power capability of this 
technology is already in hundreds of megawatts (which questions the continued use of the 
term Light!). 

With reference to the basic configuration of Figure 10.1, the three-phase bridge converters 
of an HVDC Light link are arranged to produce either two-level or three-level voltage 
waveforms. In the three-level case, IGBT valves may also be used, instead of diodes, for 
neutral point clamping. Each valve consists of a number of series-connected IGBTs with 
anti-parallel diodes and each IGBT position is individually controlled and monitored via 
fibre optics. The valves, DC buses and DC capacitors are designed with low inductance to 
reduce the overvoltage across the valve at turn-off. Auxiliary power for the gate drive unit 
is generated from the voltage across the IGBT. Turn-on/off of each IGBT is ordered via an 
optical link from the control equipment placed at ground potential. 

The use of IGBT valves requires low energy to switch the individual devices, due to 
their high-impedance gate, and this in turn permits the use of high-frequency switching, as 
required by PWM. 

The main purpose of PWM is to achieve fast control of the amplitude and phase of the 
fundamental frequency voltage, which, in turn, permits control of the active and reactive 
power independently. However, as the rating of the converter is based on maximum currents 
and voltages, the reactive power capabilities of a converter must be treated against the 
active power capability [5]. The combined active/reactive power capabilities are illustrated 
in Figure 10.10. The capacitive limit in the figure is needed to impose a voltage limitation, 
i.e. if the voltage is reduced, this limit increases. 


Harmonic content of the converter output voltage 


A variety of modulation alternatives have been described in Chapter 5 to reduce the low 
harmonic orders. The quality of the waveform needs to be further improved for power 
transmission and distribution applications and this is achieved by means of a series reactor 
and some AC filters. 

The magnitude of the voltage harmonic components varies with the DC voltage, the 
switching frequency, the number of converter levels and the PWM strategy chosen. The use 
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of an optimal pulse width modulation (OPWM) technique provides harmonic elimination 
and reduces the converter losses. OPWM consists of two functions, their specific purposes 
being to calculate the time to the next sample instant and modulate the reference voltage 
vector. This technique concentrates the harmonics in a narrow bandwidth, and thus reduces 
substantially the size of the filters. The converter losses are reduced by switching the valves 
less often when the current is high. 

Its effect is illustrated in Figure 10.11 for the case of a converter using a PWM technique 
designed for optimum harmonic cancellation. The figure shows the converter terminal phase- 
to-ground voltage (with the fundamental component as the dotted line). The harmonic 
spectrum is given in terms of sequence components. The filter of a typical HVDC Light 
scheme contains two or three tuned branches and reduces the individual harmonics to 1 96 
and the THD to 2.5 % with reference to the fundamental voltage measured at the point of 
common coupling. 

On the DC side, the DC capacitor and the line smoothing reactor will normally be sufficient 
to limit the harmonic content. Some additional DC side filtering may be required, in the 
form of a common mode reactor (to eliminate the zero-sequence harmonic content) and/or 
one or more single filters. 


Converter Terminal Phase to Ground Voltage, E 


0 50 100 150 200 250 300 350 
Harmonic content of phase voltage, excluding zero sequence components 


0 10 20 30 40 50 60 70 80 90 100 
Harmonic content of phase voltage, zero sequence components only 


0 10 20 30 40 50 60 70 80 90 100 


Figure 10.11 VSC-PWM with optimum harmonic cancellation 


308 VSC TRANSMISSION 
10.5.1 Two-Level PWM Schemes 


This section describes the purpose and main characteristics of the two-level HVDC Light 
projects already in existence or under consideration at the time of writing. 

The positive experience gained with the small Hellsjon project between Hellsjon and 
Grangesberg [4], a 10km, 3 MW, 10kV link (operating since 1997), in central Sweden gave 
confidence to extend the potential of this technology to larger power ratings and distances in 
a range of applications such as power supply to isolated remote loads (even passive ones), 
power supply to islands, infeed to cities, remote scale generation (such as low-head hydro 
power and wind power), offshore generation, etc. 


Tjaereborg (commissioned in 2000) 


Tjaereborg is an isolated wind farm consisting of four turbines with a total installed capacity 
of 6.5 MW. The purpose of this test project was to investigate how the PWM-VSC trans- 
mission scheme could be used to optimise the use of the wind energy. 

The isolated wind farm is thus connected to the 10.5kV power distribution network of 
Eltra (Denmark), via a 4.3km underground cable of extruded polymer type. The power 
ratings are 8 MVA, 7.2 MW, —3/+4MVAR and the nominal DC voltage +9kV. It uses 
a single two-level IGBT-based converter unit under PWM control, the switching frequency 
being 1950 Hz. The control modes include the AC voltage and power frequency (between 
30 and 65 Hz) in the converter connected to the wind farm. The ability to change the stator 
frequency of the induction generator permits optimisation of the power output from the 
turbine, by adjusting the frequency in relation to the wind velocity and thus operate at 
maximum power. The scheme is provided with automatic start when the wind is capable of 
supplying 700 kW. 

Figures 10.12 and 10.13 illustrate the control structures at the sending and receiving ends 
[6]. The sending end station sets the voltage and frequency for the wind farm controller. 
Since each wind turbine may have a different wind speed at a particular moment (and 
therefore a different operating point), a droop control of voltage forms the basis of the 
system of Figure 10.12. This ensures that each turbine delivers active power and absorbs 
reactive power according to wind speed variations. Voltage stability is very dependent on 
the demand for reactive power, and thus the voltage control loop should ensure that the 
reactive currents circulating in the wind farm are not too large. The droop characteristic of 
the voltage controller minimises the stationary error with respect to the voltage reference and 
thus reduces the circulation of reactive currents. As the induction generator always draws 
reactive power from the PWM converter, the voltage reference should be increased when 
the generator demand for reactive power increases, i.e. 


veer = VP $ k pne 


where k, is the voltage droop coefficient. 

Normally the grid side PWM converter will control the DC link voltage and this is achieved 
by the droop control characteristic shown in Figure 10.13. A PLL is used to derive the angle 
for the transformation between axes. The actual power of the DC link is calculated from the 
measured DC voltage and current signals. The signals for the reactive power calculation are 
obtained from the receiving end AC system side. 


HVDC LIGHT TECHNOLOGY 309 


e À— ——— 


HVDC - Station A 


Converter A 


AC Filters 


— M id 


WindFarm 
Grid 


Current 
Controller 


Power 
Calculation 


yr P tp 


Figure 10.12 Control structure of the sending end station of a wind farm [6] (Reproduced by 
permission of ABB.) 
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Figure 10.13 Control structure of the receiving end station of a wind farm [6] (Reproduced by 
permission of ABB.) 
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The DC link voltage setting is calculated from the measured DC power and the droop 
characteristic; the error signal between the voltage setting and the measured value is fed to 
a PI-type DC voltage controller. 

The reference for the d axis current is derived by the DC link voltage controller, whereas that 
of the q axis current is obtained from the output of a PI controller that processes the difference 
between the set reference and actual value of the reactive power. An inner current control loop 
and a feed-forward compensation of the voltage references are provided for both axes. The 
feed-forward compensation requires the exact value of the total reactance that exists between 
the PWM converter and the point of grid connection, which involves the phase reactor and 
transformer (the influence of the AC filter impedance at 50 Hz can be neglected). 

Computer simulation has shown that during AC grid faults the wind farm can be quickly 
isolated and controlled to recover to full wind power generation once the AC system fault 
has been cleared. Tests have also shown that the frequency at the wind site can be varied 
smoothly by the converters, while the receiving end grid frequency remains constant. 


Direct Link (commissioned in 2000) 


Direct Link is an ITP (Independent Transmission Project) developed by the Hydro-Quebec 
group and North Power. This scheme pioneered the use of HVDC Light for large-power, 
long-distance underground interconnection between two separate AC transmission systems, 
namely those of the Queensland 110 kV and New South Wales 132 kV transmission systems 
in Australia, its main justification being the price differential of electrical energy in the 
two states. The transmission distance is 65 km and the cable is buried following existing 
rights of way with no land acquisition required. It consists of three separate links, each 
rated at 65 MVA (180 MW, +75MVAR), with a DC voltage of +80kV. It uses two-level 
IGBT-based converters under PWM control, with a switching frequency of 1950 Hz. The 
specific control modes are active power, reactive power and AC voltage. 

Direct Link is a non-regulated project, operating as a generator by delivering energy 
to the highest value regional market. The VSC terminals can act independently of each 
other to provide ancillary services (such as VAR support) to the relatively weak networks 
interconnected by the link. 


Gotland (commissioned in 1999) 


This is a 70 km link designed to connect the Nas wind farm to the city of Visby via the 
GEAB (a subsidiary of the Swedish National Energy Administration) power distribution 
system. The AC voltage at both ends is 77 kV and the DC voltage +80kV. The rated powers 
are 50 MW, +30 MVAR. It uses a two-level IGBT-based converter under PWM control with 
a switching frequency of 1950 Hz. 

The Gotland system has a peak load of about 160 MW and contains some 165 windmills 
with a total installed capacity of 90 MW. The fault level is very low at the connection point. 
HVDC Light was the only realistic way to overcome the technical problems caused by the 
large content of wind generation on such a low SCR. So far the experience with the scheme 
has shown that the flicker problem has been practically eliminated, the system stability 
improved, the voltage dips mitigated and the harmonic content reduced. 
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The transmission link uses bipolar DC extruded cables ploughed into the ground and, thus, 
eliminates the environmental problems as the scheme crosses bird and wildlife reserves. The 
specific control modes are active and reactive power control, AC voltage control and power 
quality control. 


Motorformer DC Light (commissioned in 2005) 


This is the first offshore HVDC Light installation to provide power from the mainland to 
the motor drives of the Troll A platform. This avoids the need to generate power at the 
platform. Gas-fired power plants onshore are three times more efficient than gas turbines on 
the platform and CO, emission is substantially reduced (by more than 50 96). 

The Troll A offshore platform is used to delivered gas to Kollnes in Norway. The distance 
is 67 km. Two HVDC Light transmission links, each 40 MW at +60kV, are used as feeders 
from the mainland to transmit power to the inverter placed on the Troll gas platform. 

The platform-based converters were lifted onto the platform in 2004. The DC link directly 
feeds a high-voltage variable speed synchronous machine (used as the compressor drive) 
with variable frequency (0—63 Hz) and variable voltage (0—56 kV). 

The inverter control software is designed to perform motor speed and torque control, while 
the control hardware is identical for the rectifier and motor converters. Over the entire motor 
operating range, unity power factor and low harmonic content are assured as well as a good 
dynamic response. No telecommunication link was initially installed between the rectifier 
control on land and the inverter control on the platform, the only detectable quantity at both 
ends being the DC link voltage. Provision is, however, made for a telecommunication link 
to permit land-based operation, fault finding and maintenance of the platform station. The 
high-voltage converter equipment needs to be protected against the salt-laden and humid air 
at sea. With this aim the high-voltage equipment has been installed inside a compact module 
offshore and in an indoor building onshore. Space and weight are also scarce resources on 
offshore installations and in this respect the low filter requirements make the HVDC Light 
concept very compact and lightweight. 

ABB has announced an order for the second offshore HVDC Light station from BP 
Norway for connection from shore to the Valhall field in the North Sea over a distance 
of 292 km. 


Powerformer DC Light 


At the time of writing this is a proposed application, largely based on the unit connection 
concept [7], which involves the use of single generators directly connected to HVDC 
converter units, without converter transformers, filters and switchgear, thus providing, as 
well as higher efficiency, considerably reduced investment and operating costs. 

Unlike the original unit connection concept (based on thyristor technology), the use 
of HVDC Light provides reactive power and waveform control. These properties reduce 
considerably the cost of the synchronous generator and permit the connection to the grid of 
asynchronous generation from small hydro, wind turbines, solar farms, etc. The VSC-based 
unit connection will permit the small hydro generators to be designed for higher frequency 
operation and thus optimise their weight and cost; this is particularly important in the case 
of variable speed wind turbines, as it can boost the energy delivery by some 2.5 to 5 96. 
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10.5.2 Three-Level PWM Schemes 


This section describes the purpose and main characteristics of the three-level HVDC Light 
projects already in existence. 


Eagle Pass (commissioned in 2000) 


This project is a back-to-back link connected in series in the 138kV AC line from Eagle 
Pass to Piedras Negras on the Mexico-USA border (the utilities involved are CSW Central 
Power and Light Co. and Comision Federal de Electricidad). Its main purpose is to stabilise 
the AC voltage and possibly import power from Mexico during emergencies. An alternative 
conventional back-to-back link would not have provided the necessary reliability because of 
the weakness of the AC system on the US side of the border. The power ratings are 36 MW 
and + 36 MVAR, which means that the link can interchange active power, while controlling 
the reactive power or, alternatively, operate as a +72 MVAr STATCOM. It uses three-level 
IGBT converter units under PWM control, with a switching frequency of 1500 Hz. The 
nominal DC voltage is +15.9kV. The reactive power is controlled independently at each 
end. In voltage control mode, the AC voltage control uses the full capability of the VSC 
regardless of the set power order and the magnitude of the AC voltage may be controlled as 
long as the converter valve current is below the permissible level. 


Murray Link [8, 9] (commissioned in 2002) 


This is a 177 km long submarine link of extruded polymer cable installed for the Victoria 
(Australia) transmission system. The rated powers are 200 MW, --140/ — 150MVAR, DC 
voltage +150kV and AC voltages at the connecting points 132 and 220 kV. As shown in 
Figure 10.14, the scheme uses the three-level neutral point connection, as well as IGBT- 
based converters under PWM control with a switching frequency of 1350 Hz. The figure also 
shows the tuning frequencies for the AC and DC side filters; as the limits for the DC side 
harmonics in this scheme are very tight, a zero-sequence reactor and a 9th/21st harmonic 
filter were added as shown in the figure. 

The specific control modes are active power, reactive power and AC voltage. Although 
this link was initially unregulated, it has recently become regulated. 


Cross Sound [10] (commissioned in 2002) 


This is a submarine extruded polymer cable interconnection 40 km long between Long Island 
and Connecticut in the USA. The AC voltages at the connection points are 345 and 138 kV 
respectively, the DC voltage +150kV and the power rating 330 MW, +75MVAR. 

A key feature of this scheme is to control the power transfers continuously from 0 to 
330 MW, in accordance with scheduled transactions by those who have purchased rights to 
its capacity 

The scheme uses a single three-phase VSC at each end. The converter is a three-level 
bridge using IGBT/diode packs, both for the main converter switches and for the neutral 
point clamping. The three-level concept reduces the rate of change of voltage, as the valves 
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switch on and off only between +150kV and OV. The switching frequency is 1260 Hz 
(corresponding to the 21st harmonic), which is half the frequency used in the two-level 
projects. Therefore the losses are correspondingly reduced, without increasing the harmonic 
content. 

The active and reactive powers are controlled independently, although the latter is limited 
to one-half of the former, as the main purpose of the link is to transfer active power. The 
ability to control reactive power may also be used to keep the AC voltage constant at the 
point of common coupling (PCC). By using PWM, the resulting converter terminal voltage 
is achieved by switching the valves according to a modulation scheme determined by several 
factors, such as calculated reference voltage, available DC voltage, harmonic generation and 
valve currents. 

The controller includes a zero-sequence third-harmonic component modulation (additional 
to the sinusoidal reference) to reduce the peak AC converter voltage and increase (by 
approximately 15 96) the fundamental frequency component produced by the VSC process. 

Non-linearities in the valve switchings create some low-order harmonics (mostly the fifth 
and seventh) and thus a special controller is used to act on the PWM pattern to minimise 
the low-order harmonic currents at the PCC. 

A sub-synchronous damping controller (SSDC) is also used, because both ends of the 
link contain power generating plant in the vicinity of the converters. The angular frequency 
deviation given by a PLL is band-pass filtered to extract the sensitive frequency range; 
this signal is then used in the SSDC and the limited output signal is added to the current 
orders 

Following the US blackout of August 2003, this link played an essential part in the 
restoration of power across Long Island; this event has showed the importance of enhancing 
the transmission infrastructure. 


Estonia to Finland connection (expected commission in 2007) 


The largest project using prefabricated converter valves mounted in modular metal enclo- 
sures is the EstLink designed to supply 350MW at +150kV from Estonia to Finland. 
HVDC Light was chosen over conventional HVDC due to the requirement for 31 km of 
underground cable along with 74km of submarine cable using the specially developed 
PEX technology. The current rating of the IGBT switches has been increased from the 
1050A (used in the Cross Sound scheme) to 1130 A. This increase has been achieved by 
improving the heat sink and optimising the switching pattern. The project time frame is only 
20 months. 


10.5.3 HVDC Light Performance 


A test system of a three-level HVDC Light offshore wind farm scheme is shown in 
Figure 10.15 and the structure of the sending end converter is shown in Figure 10.16. 
At the sending end the nominal frequency is 50Hz and the PWM switching frequency 
1050 Hz. A three-phase 3 x 10MVAR high-pass filter bank is used on the AC side of the 
converter tuned at 600 Hz and the series impedance between the converter and the filter 
bank is 2.178 Q. The corresponding components and frequencies at the receiving end are a 
nominal frequency of 60 Hz and a PWM frequency of 1050 Hz, a 3 x 4MVAR tuned filter 
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Figure 10.15 HVDC Light for an offshore wind farm 
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Figure 10.16 Sending end three-level VSC 


(f = 650 Hz, Q = 40), a 3 x 30MVAR tuned filter (f = 1050Hz, Q = 30) and a series 
impedance of 7.4 Q. The short-circuit capacities of the sending and receiving ends are 500 
and 3720 MVA respectively. 


Sending end controls 


Figure 10.17(a) displays a block diagram of the voltage control loop. This loop estimates 
the voltage droop from the measured reactive power and AC terminal voltage. The voltage 
droop is added to the measured voltage, and the resulting signal filtered, before being 
compared with the reference voltage to calculate the voltage error. The voltage error is then 
passed through a PI controller and a limiter to set the modulation index. The real power 
controller is shown in Figure 10.17(b). The difference between the measured power and 
the specified power reference is passed through a PI controller to set the phase angle shift 
for the PWM control signal. The latter is combined with the modulation index derived in 
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Figure 10.17(a), as shown in Figure 10.17(c), to generate the firing instances. Instead of 
a purely sinusoidal control waveform, a harmonic injection PWM technique is used which 
adds third and ninth harmonics to produce a waveform with a flat top [11]; this is done 
to allow over modulation, while improving the resulting frequency spectra of the AC and 
DC waveforms. Moreover, the ratio of maximum peak value of the fundamental component 
to the amplitude of the unfiltered pulses is higher. The analytical expression of the control 
waveform is 


Yenrot = 1-15 sin(eof) + (0.271)(1.15) sin(3wr) — (0.029)(1.15) sin(Qwr) 


Receiving end controls 


The AC voltage control loop, shown in Figure 10.18, is similar to that of the sending end 
except for the addition of a modulation index adjustment for valves 1, 3 and 5; this is 
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Figure 10.18 DC voltage control loop (receiving end) 
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done to maintain the DC side capacitor voltage balanced. It is achieved by controlling the 
magnitude of the positive side of the voltage, which involves adjusting the ON duration 
width of these three valves. The reference signal for this purpose (AMI) is calculated from 
an auxiliary control on the DC voltage loop; this control action is slower than that of the 
main DC voltage control loop. 

The total DC capacitor voltage (V4. + V.) is controlled by phase shift adjustment on 
the DC voltage control loop, to feed power into or out of the capacitors in order to maintain 
their total charge. Finally Figure 10.19 shows that two modulation indexes are added to the 
triangular waveform to produce the firing instances at the receiving end; the use of two 
modulation indexes makes the waveform comparison with the triangular waveforms slightly 
more complicated. 


Test studies 


The test system described above is used to demonstrate the performance of the wind farm 
using EMTDC simulation under normal and fault conditions. The simulation is first run for 3 
seconds and the results in Figure 10.20 show the steady-state operating condition. The three 
levels are clearly evident in Figure 10.20(a) with reference to the waveform at the receiving 
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Figure 10.19 Generation of firing instances (receiving end) 


318 VSC TRANSMISSION 


Receiving End 
T 


(a) 


Viec Conv 
c 


EL 
[e 
oc c 


22 222 224 226 228 2.3 2.32 24 


: V / AA AKI. 
"mol | i 


200 : 
2 22 224 226 228 23 236 238 24 


Viec filter 
[-] 


(c) 


Viec terminal 
© 


2.2 2.22 2.24 226 2.28 2.3 2.32 2.34 2.36 2.38 2.4 


Time (sec.) 


Figure 10.20 Receiving end voltages prior to fault application 


end, measured between the converter and interface reactors. Figure 10.20(b) displays the 
AC voltage at the filter terminals and Figure 10.20(c) shows the terminal AC voltage 
waveform. 

A single phase fault (phase a to ground) is then applied to the sending end system 
at the 3 seconds mark for a duration of 0.1 second, with a fault impedance of 10. 
Figure 10.21 illustrates the three-phase rms voltage measurements and Figure 10.22 the 
real and reactive power during the disturbance. The controllers at both ends of the link 
increase their modulation index in an attempt to counter the drop in AC terminal voltage. 
The resulting drop in power at the sending end produces a negative power error signal 
which causes a more negative phase shift. The receiving end controller increases the phase 
shift (the voltage error is positive) so as to increase the DC voltage towards the specified 
reference. 

The action of the controllers is to alter the modulation index and the phase shift of 
the PWM control waveform (as shown in Figure 10.23), to try and restore the voltages 
and power during the fault to their specified values. At fault removal (which occurs at 
3.1s) the voltage and power levels exceed the specified values, causing the controllers 
to reverse the direction they were driving the modulation index and phase shift of the 
PWM control waveform. These then overshoot the steady-state value. Hence the modulation 
index and phase shift follow a decaying sinusoid until they reach their steady-state value 
(over the next 2s). The oscillatory nature is a function of the controller gains and time 
constants. 

Finally, the behaviour of the DC voltage at the sending end and the DC current in pole 1 
are illustrated in Figures 10.24(a) and (b) respectively 
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Figure 10.21 RMS three-phase voltage measurements following a phase-to-ground fault at the 
sending end 
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Figure 10.22 Real and reactive power during disturbance 
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Figure 10.23 Modulation index and phase during disturbance 
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Figure 10.24 DC voltage (a) and currents (b) during the disturbance 
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10.6 Other VSC Projects 


Japan's back-to-back VSC interconnection of different frequency 
systems 


A 300MW back-to-back (BTB) self-commutated VSC interconnector has been developed 
in Japan [12]. The circuit configuration is shown in Figure 10.25 and its main specifications 
are listed in Table 10.1. Each terminal consists of four self-commutated converters. The 
windings on the AC system side of the converter transformers are connected in series. On 
the DC side, the four converters are connected in parallel and a shunt capacitor is placed 
between the two terminals of the link. The converter uses a PWM scheme with a switching 
frequency of 450 Hz for the 50 Hz system and 540 Hz for the 60 Hz system. On each side 
of the link the active and reactive powers are controlled independently of each other. 

The increased pulse number (nine) used reduces the harmonic content and improves the 
steady-state and dynamic performance of the converter. 


Siemens switchgear factory and Flender-Werft 


These two installations, using the VSC back-to-back configuration, feed power to the 60 Hz 
low-voltage network, one of them to a the test field of a Siemens switchgear factory in 
Frankfurt (Germany), and the other to a shipyard installation with Flender-Werft in Lübeck 
(Germany). In both cases the power is transferred from the 50 Hz low-voltage network. The 
schemes use single converters with a maximum power of 1.2 MW. 


Stadtwerke Karlsruhe and Stadtwerke Ulm/Neu-Ulm 


An HVDC VSC-based back-to-back connection is used to connect two stations in a 20kV 
network in Karlsruhe (Germany). The use of a galvanic connection would have been difficult 
due to problems with residual currents in the neutral point compensation. In this case 


system A system B — 


Figure 10.25 A back-to-back HVDC multi-pulse VSC interconnector 
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Table 10.1 Fundamental specifications of 300MW  self-commutated 


converter. 
Item Specification 
System Rating capacity 300 MW-100 MVAR 
(316 MVA) 
Rating voltage AC 275 kV 
Voltage distortion Total < 1 % Each order 
« 0.5 96 
Converter Converter type Voltage source type 
Power device GTO 
Insulation Air insulated 
Cooling Pure-water cooling 
Control 9-pulse PWM control 
Configuration 4 stage (or 8 stage) 
Transformer Configuration Direct step-up 


the 2MVA DC connection was found more economical than a conventional AC solution. 
Moreover, the DC alternative improves both the voltage quality and supply reliability. 

A similar installation in operation connects the 10kV networks of Ulm and Neu-Ulm, to 
transfer power between the separate networks in the municipalities of Ulm and Neu-Ulm at 
times of peak demand according to each network's possible spare capacity. 


Industrial factory in Saudi Arabia 


A multi-parallel VSC-based back-to-back HVDC link is used to connect a 33kV, 60Hz 
network and a 10 KV, 50 Hz network. The maximum power is 30 MVA. 


Proposals for large offshore wind farms 


Variable speed windmills of up to 5 MW are being considered. The active power is controlled 
by varying the angle of the blades. The connection via PWM-VSC also provides reactive 
power, typically at a 0.9 leading power factor, which gives a reactive power control range 
of up to 50 % of the active power. 

There are proposals for offshore wind farms in the North Sea and the Baltic Sea with 
capacities between 200 and 1500 MW and at distances of up to 150 km. 

As wind farms become larger and more distant from shore, there is more justification for 
using HVDC to transmit the power to the onshore network, particularly at power levels of 
500 MW and beyond. At present the VSC technology cannot offer an economical solution for 
these power ratings; however, as this technology becomes more widely used for conventional 
applications and the ratings increase, its flexibility regarding reactive power control will 
make it more attractive for this application. It is also possible to combine the conventional and 
VSC-HVDC technologies, the latter for the offshore stations and the former for the onshore 
ones. Conventional HVDC can also be used in combination with an SVC or STATCOM to 
provide effective VAR and voltage control. 


POTENTIAL FOR MULTI-TERMINAL SUB-TRANSMISSION SYSTEMS 323 


10.7 Potential for Multi-Terminal Sub-Transmission Systems 


Due to continuous urbanisation, metropolitan power networks have to be continuously 
upgraded to meet the demand. However, the scarcity and increasing cost of land for new 
rights of way is making the expansion more difficult. Therefore, the present trend is to try 
and maximise the utilisation of existing assets, preferably deferring the expenditure on new 
capital investments. Also, in the deregulation environment, distribution services are being 
subjected to intense competition, especially for the connections to large consumers. 

Conventional distribution system planning has no direct mechanism for the control of 
power flow along desired routes. Moreover, during equipment outages, the rerouting of the 
extra capacity available in other parts of the network cannot be effectively implemented. 

These problems can be largely eliminated with the use of a multi-terminal DC sub- 
transmission system, either independent from or implanted within the existing AC network. 
The latter would add considerable flexibility to the operation of the AC system as well 
as provide voltage support at the points of interconnection of the AC and DC grids. The 
DC system would optimise the AC power flow and greatly improve its controllability 
and stability. Additionally, the converters could be used for active filtering of low-order 
harmonics present in the AC system. Finally, when economic energy storage becomes 
available, the converters should facilitate the exchange of power. 

The VSC-based DC solution, with a constant DC transmission voltage always with the 
same polarity, is ideal for the implementation of the sub-transmission concept. A likely 
structure for an independent DC sub-transmission scheme is illustrated in Figure 10.26. 
The converters in the ring would operate as either rectifiers or inverters, thus acting as 
real/reactive power sources and sinks, extracting power from certain parts of the network 
and delivering it to the other zones. The converter operation could be rapidly changed from 
one mode to another as the situation demands. In the not too distant future the DC loop could 
also be designed as a high-temperature superconducting ring. If required, power sharing 
between the various rectifiers connected to the ring could be achieved by a droop control 
strategy, such that the power allocation among the rectifiers is proportional to their power 
rating. 

Tapping can easily be accommodated in a multi-terminal VSC sub-transmission network. 
Also, as an alternative to a tap, the shield wire of a large bipolar scheme can be used as a 
smaller separate transmission link. 

In conventional distribution systems all consumers are provided with approximately the 
same level of power quality and security, irrespective of their individual needs. Such an 
approach is now changing to provide an increased level of power quality to quality-sensitive 
consumers by using FACTS controllers. In this respect the DC sub-transmission scheme 
should provide an even greater flexibility. 

A multi-terminal HVDC distribution configuration is perfectly suited to the connection 
of DC output types of power sources (such as photo voltaics) and of DC input loads (such 
as IT-related equipment). In both these cases the power exchange will be via DC-DC 
conversion, since the distribution system voltages are in kilovolts and the sources and loads 
in hundreds of volts. A general system [13], shown in Figure 10.27, will consist of distributed 
generation, a battery, a connection to the AC system and an internet data centre (iDC). Each 
of these components is connected, via a DC circuit breaker (DCCB), to the DC distribution 
system through an AC-DC converter or a DC-DC conditioner. The latter is required for 
level adjustment, since a typical distribution AC system voltage may be 6.6kV, while the 
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Figure 10.26 Low-power multi-terminal HVDC sub-transmission (Reproduced by permission of 
CIGRE.) 


voltages of the distributed generation (such as a fuel cell) will be between 600 and 800 V 
and those of a the iDC load between 48 and 200 V. 


10.8 Discussion 


At present, VSC transmission is not competitive with LCC transmission for high voltage 
and power ratings. This is largely due to the cost of the power electronics components of 
the converter stations, which represents of the order of 50 % of the total cost of the terminal, 
as compared with the thyristor alternative of 25 96. 

The provision of high-voltage (over 150kV) and power transmission capacity (over 
350 MW) relies at present on additional parallel VSC transmission schemes, with the attached 
extra cost of equipment and losses. To increase the VSC-PWM share of the market, further 
development is being carried out to produce switching components (in particular IGBTs) 
with higher voltage, peak turn-off currents and higher junction temperatures. The necessary 
investment has been encouraged by the operating reliability of the present schemes. The 
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Figure 10.27 A multi-terminal DC distribution system 


latest report [14] of the IGBT and DC cable technologies claims that ratings of +300kV, 
1740 A and 1000 MW can already be achieved. 

Of course, thyristor technology itself will not remain at a standstill and the expected 
catching up by IGBT technology may prove to be a moving target. This is exemplified by 
the projected ratings of the SiC solid-state devices shown in Chapter 2, which are greatly in 
favour of the SiC thyristor, with potential voltage ratings of up to 40 kV. 

The power losses are higher in VSC transmission, mostly due to the use of higher 
frequency switching control. It is, therefore, important to assess the no-load and load losses 
as a function of power transmission and reactive power exchange with the AC systems over 
the life of the scheme. VSC transmission requires DC capacitors at both ends of the line to 
provide a stable voltage at the converter ends. It is not possible to run with a single capacitor 
in the middle. 

Regarding the transmission medium, the VSC option is ideal for cable transmission as 
the voltage polarity does not change, and, therefore, very simple extruded cable technology 
can be used. On the other hand, overhead line transmission is the most economical option 
for very long distances. However, overhead VSC transmission is not being considered at 
present for the following reasons: (i) DC line short circuits need to be cleared by means of 
AC circuit breakers at both ends; (ii) the link ability to discharge from faults is slow and 
restarting can be delayed by up to 10 seconds; (iii) the high frequency generated from the 
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(PWM) converters causes high RFI. Underground (or submarine) cable does not experience 
DC short circuits other than catastrophic ones. 

The PWM-VSC alternative offers complete independence of active and reactive power 
control, elimination of commutation failures, the possibility of connecting to a passive grid, 
absence of low-order harmonic filters and their related consequences (such as resonances 
and harmonic instabilities), and the provision of extra ancillary services (such as flicker and 
selected harmonics control). 

Multi-level configurations offer some advantages in terms of efficiency, both in the 
converter (due to the lower switching frequencies involved) and in the transmission lines (due 
to the higher voltages used). These benefits have to be weighed against the greater number 
of switching components needed. Also the latter lack, at present, independent reactive power 
controllability at each end of the link. 
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Multi-Level VSC and CSC 
Transmission 


11.1 Introduction 


The full range of AC voltage controllability provided by PWM-VSC, an important 
requirement in motor control, is not required in power transmission, where the AC system 
voltages are kept practically constant. Moreover, the use of higher switching frequencies 
and transmission voltage levels reduces the efficiency and increases the dv/dt rating of the 
PWM-VSC technology. Multi-level conversion is a possible alternative to PWM to over- 
come these problems [1]. However, the original multi-level diode clamping (MLDC-VSC) 
[2] and multi-level capacitor clamping (or flying capacitors) (MLCC-VSC) [3] configu- 
rations, described in Chapter 6, contain many extra switches and/or capacitors, as these 
are required independently for each of the three converter phases. The rating of these 
switches and capacitors is high because they form part of the main power circuit. They 
also suffer from capacitor balancing problems, which in the case of MLDC makes it 
practically impossible to exercise active power control for level numbers greater than 
three. Also the current rating of the clamping capacitors (in the MLCC case) is high, as 
the load current passes through them. Thus so far the multi-level application to HVDC 
transmission has been restricted to the three-level configuration and is complemented by 
PWM. 

Chapter 7 has described simpler multi-level configurations based on the concept of multi- 
level reinjection (MLVR-VSC and MLCR-CSC), with potential application to VSC [4] 
and CSC [5] transmission. They share the multi-level properties of harmonic elimination, 
power loss reduction and use of the more robust thyristor-type self-commutating switching 
devices. As the reinjection circuit is operated at six times the fundamental frequency (for the 
double bridge converter configuration), it produces the multi-level output waveform with a 
substantially reduced number of switches. 
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Important additional properties of multi-level reinjection are: 
e Adaptive balancing of the DC side capacitors in VSC transmission [6]. 


e Creation of a zero-voltage (ZVS) or a zero-current (ZCS) condition during the commuta- 
tions, which greatly simplifies (or even eliminates) the snubber circuits. In particular, the 
ZCS condition adds self-commutating capability to the conventional thyristor converter 
and, therefore, opens up the possibility of thyristor-based self-commutating HVDC trans- 
mission technology. 


However, unlike PWM-based transmission, the provision of reactive power control in 
multi-level conversion requires DC voltage variations. This is not a problem in applications 
using single converter stations, such as the STATCOM, but does not permit independent 
reactive power control at the two ends of a point-to-point HVDC interconnection. 

This chapter discusses the characteristics of multi-level VSC and CSC transmission. Most 
of the content is generally applicable to the various configurations, but the test examples use 
as a basis the multi-level voltage and current reinjection schemes described in Chapter 7. 
Some new control concepts are also proposed to improve the reactive power controllability 
of multi-level HVDC transmission. 


11.2 Multi-Level VSC Transmission [7] 
11.2.1 Power Flow Considerations 


The basic power transfer characteristics described in Section 10.2 apply equally to the VSC 
multi-level options. However, unlike the case of PWM-HVDC (where the two terminals of 
the link control the reactive power independently) this is not the case in multi-level HVDC 
schemes with single converter terminals. Each converter station only has one independent 
control variable, namely the phase displacement between the AC source and the converter 
output voltages, and this variable is used to control the active power flow between the AC 
source and the converter. Changes in the reactive power injection are made by varying 
the converter DC voltage, an action that affects simultaneously the two sides of the link; 
thus, with present controls the reactive power adjustments at the receiving and sending ends 
cannot be made independently of each other. The effect of this restriction on the voltage level 
and/or reactive power exchanges achievable at the terminals of the DC link are considered 
next to show that, other than in very weak systems, the multi-level option is adequate for 
HVDC transmission. 


AC minimisation 


The simplified equivalent of Figure 11.1 illustrates one terminal of a DC link based 
on the cascaded H-bridge multi-level voltage reinjection concept described in Chapter 7 
(Section 7.5). However, the following analysis applies equally to the other multi-level 
configurations. 

At the receiving end of the link (assumed the weaker side), if the AC source (V) is 
permitted to reduce down to (1 — &)V,,,,,;, then the converter voltage (Vc2) must be adjusted 
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Figure 11.1 Simplified model of the receiving end of a multi-level VSC link 


between (1— £)V,,,,, and (1+ £)V;,,,,; (depending on P5) to achieve minimum AC at 
this end. Using the minimisation process described in Section 10.2.1 (Equations (10.13) to 
(10.16)), the required value of & for this to happen can be derived from the expression 


l+e 1 
I-e " (1— £)(SCR;? ed 


where SCR, is the short-circuit ratio at the receiving end of the link. 
From Equation (11.1) the following values of & are obtained for different system strengths: 


SCR, | 2 2.5 3 4 3 
E NC 0.0718 0.0436 0.0294 0.0161 0.0102 


Similar to the current minimisation at the receiving end of the link, the minimum AC current 
(and therefore unity power factor operation) at the sending end (the side not controlling the 
DC voltage) occurs when the following relation is met: 


a - fie P, | T te T - s P, [E 1 j 
Vsi Pirated Vs Xira Piraied Vsi SCR, 
(11.2) 


When operating at the rated power, the receiving end maintains the relationship 


Voz 


Vorated 


=l+e (11.3) 


and the sending end can only operate at unity power factor by fixing the source voltage to 
Vs, = (1— 2')V area, Where e' is determined from the expression 


1 Vell tT 
t£ - 1+ lrated (11.4) 
l-z Vs SCR, 
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Some numerical results for the relationship between e’ and SCR, (for different receiving 
end system strengths) are listed below. 


For SCR, = 2 and e = 0.0718 


SCR, 2 2.5 3 4 5 

£ 0.0718 0.0177 —0.0105 —0.0377 —0.0501 
For SCR, = 2.5 and e = 0.0436 

SCR, 2.5 3 4 5 

£ 0.0436 0.0161 —0.0104 —0.0225 
For SCR, = 3 and e = 0.0294 

SCR, 3 4 5 

£ 0.0294 0.0033 —0.0086 


Thus if the two AC voltage sources are kept within V;, = (1 — £)V;,,,, and Vo. = 
(1 — £)V5,,,,, respectively, the receiving end will operate at unity power factor, while the 
power factor of the sending end source will be 


sin(8,) 
cos [65,(p,)] = 3 ; 
Vei Vei : 2 
1+ 2——-J 1-— sin (6,) 
Vs Vsı (11.5) 
T sin(0,) 
Va d V, 1 
il = | 205 V 1 —sin?(8,) 
V» rated (1 a gp V rated 1—e 
where 
P(X X Pif Pir P, /P,, 
sin(8,) = Gut cı) = y i lrated — y i/ lrated (11.6) 
ertet c 3 (SCR) € (1— &)(SCR,) 
Vi rated Vi rated V» rated 
and 
V gc qp oP rT 
c  =(1—s),/1+ 2 (11.7) 
Virored Posted 1—e& SCR, 


By way of example, a link with SCRs of 2.5 and 3 at the receiving and sending ends, 
respectively, will be able to maintain unity power factor operation at the receiving end 
system for the full range of power transfer, whereas the sending end system power factor 
will vary from 0.998 to 1 for an active power range of between 0.5 and 1 pu. However, 
for very low-power transfers (below 0.1) the strong system will operate with a low power 
factor and provide a maximum reactive power level of 8.1% when the power transfer is 
Zero. 
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11.2.2. DC Link Control Characteristics 


In line with VSC procedure, a multi-level converter uses the phase angle difference between 
the voltages across the interface transformer to control the active power flow, while the 
voltage magnitude difference controls the (generated or absorbed) reactive power. As the 
converter side AC voltage of the interface transformer is directly determined by the converter 
DC voltage and the DC voltages of an HVDC link are closely related, only one side has 
complete freedom to control the terminal voltage. 

The converter terminal voltage (V;) must be kept within a small margin to satisfy the 
local load. This is the voltage available for control purposes and is strongly related to the 
DC side voltage; if the transformer leakage reactance is small relative to the AC system 
reactance, controlling the link DC voltage and controlling the AC terminal voltage are very 
similar processes. In a well-designed AC system, adjusting the DC link voltage by a narrow 
margin should normally be sufficient to minimise the AC side and the DC side currents and 
thus reduce the transmission system losses. 

In practice, the transformer terminal voltage Vp, at the receiving (the weaker) end of the 
link will be used as the control variable to minimise the ac currents. 

Under normal operating conditions the real and imaginary components of the converter 
output currents directly determine the active and reactive powers and can thus be used as the 
control variables. Moreover, under abnormal conditions the direct control of current operates 
the system more safely than when power variables are used. The basic control structure of a 
single converter station based on the converter real and imaginary current components has 
been described in Section 7.3.5. 

Figures 11.2(a) and (b) show the simplified control structures, without terminal voltage 
adjustment, for the converters at the sending and receiving ends of the link (for the purpose 
of verifying the effectiveness of the control strategy, in this section the AC system source 
voltages are adjusted to simplify the simulation). 

The multi-pulse ramp signals of the converter firing logic are synchronised with the 
respective converter terminal voltages. Then the sending end real power P;,, and receiving 
end terminal voltage Vž, references are compared with their respective measured values. 
The errors are sent to PI controllers with saturation limits to derive the real and imaginary 
current components for the sending and receiving controllers respectively. Finally, the two 
PI controllers generate the phase angle displacement commands using the real and imaginary 
current errors of the two converters. The saturation property of the real and imaginary PI 
controllers ensures that the phase displacements are within safe operation ranges. The phase 
displacements are then sent to the converter logic to generate the gate firing signals. 

The control structure required at the weaker end for the DC voltage is very much the 
same as that needed to control the terminal AC voltage, the only difference being that the 
monitored voltage signal required is V;.; instead of Vez. 

The Ve, variation in the per unit system is given by 


" P, T 1 1 
"apt -| n [z+] la = [sey] TES) 


where only the per unit active power P;/P,,,,,, varies, while e and SCR, remain constant 
for a given system. Thus the reference voltage Vý, will be generated from the monitored 
active power P, in real time. 
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Figure 11.2 Control structures of the sending (a) and receiving (b) ends 


11.2.3 Test System and Simulation Results 


The circuit of Figure 11.3, used as a test system for the EMTDC simulation, has the following 
features and parameters: 


e A total absence of filters. 


e The DC line parameters are listed in Table 11.1. 
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Figure 11.3 Multi-level VSC-HVDC configuration using cascaded H-bridge reinjection 


Table 11.1 DC transmission line parameters 


Laci Rac Lao Rao Cac 


0.5968 H 2.5 0 0.5968 H 2.50 26.0 WF 


The interface transformers are connected in series and their individual leakage reactances 
are 7 96. 


The AC system SCRs are chosen as 2.5 and 3 for the receiving and sending ends 
respectively; to achieve these SCRs the required AC system parameters are listed in 


Table 11.2. 


The rated voltages are 345 kV (at the sending end) and 230 KV (at the receiving end). 


As SCR, is set to 2.5, if the voltage deviation permitted at the receiving end is V;, = 
230(1 — £) = 220kV (i.e. e = 0.0436), then to compensate for the DC voltage difference 
caused by the DC line resistance, at the sending end e’ is set to zero and therefore 
Vs, = 345kKV. 


Table 11.2 Sending and receiving ends AC system parameters 


Ry Ry Ly R5 Ry Ry; Ly, Ly 


2.4330 31400 01H 0.4320 4320 04320 0.0275H 0.0275H 
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e All variables displayed in the graphs are in per unit. For convenience the reference 
parameters at the sending end are 1.6734/2kA and 1000 MVA and those of the receiving 
end 2.6734/2kA and 1000 MVA, while the DC side voltage and current references are 
500 kV and 2kA respectively. 


Dynamic performance 


The test system is controlled to follow the real power and receiving end terminal voltage 
orders; when the rated power is transferred from the 345 to the 230 kV AC system the two 
AC sources operate at optimal power factors. 

Figure 11.4 shows EMTDC results for the active and reactive powers, as well as the 
voltage and current responses to a real power order change. 

The simulation is carried out for 8 seconds of real-time operation. In this period the 
receiving end terminal voltage order is kept unchanged at 1pu, the real power order is 
changed from 0 to | pu after 0.5 s, changed from 1 to —1 pu at 3.5s and finally returned to 
zero at 6.5 s. 

Figure 11.4(a) shows that the active powers of the sending P, and receiving P, ends 
follow very well the active power order P,,,. After about 0.5 s the active power reaches the 
power order without overshoot; when P,,, changes from 1 to —1 pu it reaches the new power 
level within 1s with negligible overshoot and, finally, when the power order is returned to 
zero the response time is about 0.5 s. 

Figure 11.4(b) shows the reactive powers Q, and Q», measured at the interface transformer 
terminals. In the absence of active power transfer, Q, is about 0.01 pu and Q, 0.25 pu. When 
P,.¢ is set to 1 pu both converters provide appropriate reactive powers to their connected AC 
systems, thus minimising their respective AC. However, for the period when P,,, is —1, as 
the voltage control terminal has not been changed, the high power factor operation is lost. 

Figure 11.4(c) shows the terminal voltages V,,, Vy. As the latter is under direct control, it 
is kept practically at 1 pu (apart from the small overshoots during the power order changes). 
The sending end voltage, in the absence of voltage control, experiences changes of up to 
about 5 % upon reaching the steady state and within 10 % in the dynamic region. 

Figure 11.4(d) shows that the DC line current has the same shape as the active power. 

Finally, Figures 11.4(e) and (f) display the DC voltages at both ends, as well as their 
respective reinjection H-bridge capacitor voltages. The DC voltages have the same shape as 
their terminal voltages. The reinjection capacitor voltages (apart from the ripple) follow the 
DC voltage and are kept balanced during the steady-state and dynamic conditions, i.e. there 
is no significant difference between the three capacitor voltages, except when the DC decays 
to zero, which shows a small difference. To emphasise these differences the normalising 
reference for these waveform is chosen as 500 kV/3. 

The curves in Figure 11.5 are the terminal voltages and currents in steady state; graphs (a) 
and (b) correspond to 0 pu active power transfer, (c) and (d) to 1 pu and (e) and (f) to — 1 pu. 
They illustrate the high quality of waveforms produced by the MLVR-VSC configuration. 


Operation at high power factors 


To verify the performance under high power factor operation, the step order of P,,, is sent 
to a non-linear integrator which changes its output at a constant increasing or decreasing 
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MLVR-VSC HVDC Link Active and Reactive Power Response 
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Figure 11.4 Dynamic response of the MLVR-VSC link to active power variations 
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Voltage and Current Waveforms at the Converter Terminals of MLVR-HB-VSC Link 
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Figure 11.5 Steady-state voltage and current waveforms for different power factors 
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rate before its output reaches the input value and keeps the output unchanged after that. 
This integrator generates a slow growing active power order to force the link gradually 
to increase the active power in 10 seconds to its rated level. Therefore the full range of 
active power transfer performance is observed in detail. Figure 11.6 displays the following 
simulated results: 


(a) Pc,Pc, measured at the sending and receiving interface transformer terminals; 

(b) Q¢,Q >, measured at the sending and receiving interface transformer terminals; 

(c) Qs,Qs, measured at the sending and receiving AC source terminals; 

(d) Vj,Vj,, measured at the sending and receiving interface transformer terminals; 

(e) U,,4,U,,, DC voltages measured at the sending and receiving converter terminals; 

(£) PF; PF;,the power factors measured at the sending and receiving source terminals. 
Figure 11.6(a) illustrates that Pc, and Po, increase gradually following the active power 
order change from 0 to 1 pu. Figures 11.6(d) and (e) show that the DC voltages are always 
kept within +5% of the rated value. Figure 11.6(f) shows that when the active power is 
over 10%, PFs, is at 0.998, whereas PFs, is only 0.31; however, these values reach 0.999 
and 0.9 respectively when the link transfer of active power is 0.4 pu and 0.999 and 0.980 


when the power transfer is 0.6 pu. Above 0.8 pu power transfer PF, and PF,, reach levels 
of 0.9999 and 0.999 respectively. 


11.2.4 Provision of Independent Reactive Power Control 


Due to the natural commutation restriction of thyristor-based technology, the converter 
terminals demand varying reactive power, which is dependent on the operating conditions 
of the DC output voltage and current. 

In self-commutating conversion, each of the converter terminals can provide four-quadrant 
power controllability. In this case, appropriate control of the reactive power, as well as 
reducing transmission losses, can provide greater flexibility for the AC system, such as 
stabilising a particular bus voltage and operating at unity power factor to minimise the 
transmission current. A four-quadrant power-controlled terminal functions as a conventional 
HVDC terminal combined with a STATCOM. 

The strength of the two AC systems connected by a DC link can be very different and, 
thus, ideally their reactive power requirements should be controlled independently. This 
condition is achieved in PWM-VSC transmission, but not in multi-level transmission, where 
the reactive power exchanges at the converter terminals are interdependent. While this may 
be considered a drawback to the prospective introduction of the technology, the main purpose 
of DC transmission is to interchange active power and the ratings of the converters will have 
little margin for the provision of reactive power. 

The converter terminals of high-power HVDC transmission systems consist of two or 
more series- or parallel-connected groups. In conventional CSC schemes the two groups are 
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Figure 11.6 High power factor performance of the test link 
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under common firing angle control. If this option is used in fundamental-frequency-based 
self-commutating VSC transmission, independent reactive power control is not possible. 

If the DC link is expected to provide independent reactive power control at the terminals, 
this could be achieved by introducing a chop in the converter output voltage waveform, 
which would alter the fundamental component; this type of control, however, would increase 
the harmonic content. 

An alternative control option is available to double-group converter HVDC schemes. An 
example of such a configuration is shown in Figure 11.7, based on the cascaded H-bridge 
reinjection scheme discussed in Section 7.5. 
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Figure 11.7 Test system used to verify the independence of reactive power control 
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In the proposed alternative there are two independent phase shift variables (one for 
each group), which make it possible to control the phase and amplitude of the combined 
AC voltage output and, thus, achieve more flexible control of the active and reactive 
powers. 

By ignoring the resistance between the converter terminal and the source, Figure 11.8 
shows the resulting voltage relationships. In this figure V,, V, are the AC voltages (per 
phase) of the two converter groups; these voltages are of the same magnitude (determined by 
the common DC voltage), but they are phase shifted with respect to each other. The vectorial 
addition of V, and V, produces a variable converter output voltage (Vc) that controls the 
reactive power independently of the DC voltage magnitude. 

The following relationships apply to the phasor diagram of Figure 11.8: 


8,9 
Vel = 21v, 0s (S490 :) (11.9) 
+ô 
5 ĉa t ôs (11.10) 
2 
2c AO _ puso (11.11) 


Vc[Vc — Vs cos(8)] u 2V? (1-- cos[(8,) — (6,)]} — Va Vs [cos(84) + cos(85)] 
X u X 


Qc— 
(11.12) 


where 

V; — the source voltage 

P = the active power from V; to Ve 
Qc = the reactive power from Ve to Vs. 


It is clear that the amplitude of Vç can be controlled by (64, — ôg) and its phase angle by 
(ô, 4-05). Therefore the double group multi-level converter at each end of the link provides 


Vs 


Figure 11.8 Phasor diagram with double group firing shift control 
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phase and amplitude voltage controllability without depending on its DC voltage (i.e. as in 
PWM-VSC transmission). 


EMTDC verification 


The test circuit, shown in Figure 11.7, is based on the CIGRE benchmark model modified to 
suit the MLVR-VSC features, i.e. the filters are removed and the interface transformers are 
connected in series on the AC side. The AC systems are relatively weak, with SCRs of 2.5 
and 3 at the receiving and sending ends respectively. The AC and DC side parameters are 
the same as those of Section 11.2.3, which are shown in Tables 11.1 and 11.2, respectively, 
and the transformer leakage reactances are all 7 96. 

A PSCAD model of the test system is used to derive the initial operating condition in the 
per unit system as specified in Section 11.2.3. 

At each converter terminal the two phase shift variables are used to control the terminal 
voltage magnitude and phase angle between the converter terminal and source voltages. At 
the sending end, the control of the freely adjustable output voltages ensures that the active 
and reactive powers are controlled to follow the specified settings, while at the receiving 
end they are used to follow the required orders of DC voltage and reactive power. 

The reactive power control flexibility achieved is shown in Figure 11.9. During the 6 
second simulation period, the reactive power setting at the sending end (Q,,,,) (shown in 
graph (a)) is changed from 0 to 0.5 pu (after 1s), from 0.5 to 0.3 (at 3s) and from 0.3 
to —0.3 (at 5s), while the reactive power setting at the receiving end (Q;,,;) (shown in 
graph (b)) is changed from zero to —0.3 pu (at 0.1s), from —0.2 to 0.2 pu (at 2.1 s) and 
from 0.2 to 0.5 pu (at 4s). Graphs (a) and (b) also show that the reactive powers at the 
sending and receiving ends can be controlled independently; they follow their own orders 
well and the disturbances caused during the setting change dynamics are insignificant. The 
magnitudes of the converter terminal voltages, illustrated in graph (c), are as expected 
strongly related to the reactive powers generated (or absorbed) by the converter. Graph 
(d) contains the DC voltage variation at both ends of the link and graphs (e) and (f) the 
phase displacements between each of the groups and their respective transformer terminal 
voltages. 


11.3 Multi-level CSC Transmission [8] 


The pulse multiplication effect achieved by the DC reinjection concept described in Chapter 3 
can eliminate the need for passive filters in line-commutated CSC, but at the expense of 
extra components and switches. Moreover, line-commutated converters require substantial 
reactive power compensation, much of which is provided by the filters, and this requirement 
has not encouraged the use of the original DC reinjection proposal. 

Chapter 4 has already explained the applicability of the reinjection concept to self- 
commutated conversion and Chapter 7 has described its practical implementation in the form 
of MLCR conversion. As well as structural simplicity (when compared with other multi- 
level alternatives) MLCR provides the thyristor converter with self-commutating capability 
[9] and can, therefore, be an interesting flexible CSC alternative for long-distance bulk 
power HVDC transmission. Therefore the subject of multi-level CSC is discussed here with 
reference to the MLCR option. 
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Figure 11.9 HVDC link response to changes in the reactive power settings under firing shift control 
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11.3.1 Dynamic Model 


Figure 11.10 is a simplified diagram of an HVDC transmission system interconnecting 
two separate power systems represented by ideal sources (V,,, V.,), each in series with an 
impedance. The converter terminal voltages on the system side of the converter transformers 
are V}; and V,,. The AC output currents are specified by their real and imaginary components 
Cret> fii) and pers 4m2). The DC voltages at the converter terminals are Vje and Vio 
respectively and the common current Ige. 

The following formulation applies to the circuit of Figure 11.10: 


e kVp, cos(0,)A(6;, 02) 


P, =V, l= 11.13 
1 dcl” dc L,S+R ( ) 
Q= V3Vp Tr sin(0,) = V3V ka Lac sin(6,) 
_ V3Vp, sin(9, )k i A(0,, 92) (11.14) 
Lms +R 
k,2Vr2 cos(02)A(0,, 02) 
P, = V ol = 11.15 
2 dc2^ dc L,,S+R ( ) 
Q= V3Vrlr sin(,) = V3Vrknlac sin(65) 
E V3V 72 sin(0;)k;, A(0,, 02) (11.16) 
LaS FR 
k; 0,)A(O,, 0 
a= à cos(0,)A(0,, 02) (11.17) 
L,S--R 
kj sin(0,) A(0,, 0 
Inl = La v ( : 2) (11.18) 
LaS HR 
ki; cos(6;)A(0,, 02) 
i= = 11.19 
Re2 L,,S+R ( ) 
kp sin(06,)A(0,, 0 
I= 2 Sin(@,)A(9,, 02) (11.20) 
LaS HR 


where 


V, = the fundamental rms value (phase to phase) of the converter terminal voltage 


0 = the phase angle difference between the AC current and terminal voltage (which, in the 
absence of commutation overlap, is also the firing angle and the power factor angle) 


A(0,, 05) = |k, V5, cos 0, — Ky V4, cos 0, | (11.21) 


P = the real power transfer at the converter terminals and Q = the reactive power supplied 
to, or extracted from, the converter. 
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Figure 11.10 Simplified CSC-HVDC transmission link 


11.3.2 Control Structure 


Based on Equations (11.13) to (11.20), Figure 11.11 shows a block diagram of the control 
system in terms of active and reactive powers. This diagram is modified in Figure 11.12 to 
make it more directly applicable to the control of the active and reactive current components. 

As shown in the figure, the real and reactive powers vary with the current 7,,, which in 


turn depends on the DC side voltages V4,,, Vy... The DC voltage is a cosine function of 0, 
which varies in the range —180? < 0 < 180°. This makes the MLCR-CSC a very non-linear 
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Figure 11.11 Block diagram for active and reactive power control 
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Figure 11.12 Block diagram for real and imaginary current control 
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Figure 11.13 Operating regions of the converters at the sending and receiving ends 


system. In practice, however, the DC voltages are kept within very narrow limits, such as 
shown in Figure 11.13. The sending end operates in a narrow band of 0, < 0 < 0, and the 
receiving end in the corresponding band of 0, < 0 < 0,. Controlling the converter near unity 
power factor is difficult as there is hardly any change in the cosine function in this area, 
which produces practically no change in the DC. 

Since the real and imaginary output current components at the sending and receiving ends 
of the link are interrelated, the real component of the sending end and the imaginary compo- 
nent of the receiving end can be set as the control parameters. Then the imaginary component 
of the former and the real component of the latter are dependent on the operating state. 

The firing angles are placed on the negative side, enabling the two converters to supply 
some reactive power to their respective AC systems. 

The control structure of Figure 11.14 shows that the measured output currents are trans- 
formed into their real and imaginary components using the measured source voltages as a 
reference. The latter are also used as a reference to synchronise the multi-pulse ramp signals 
sent to the converter valves' firing logic. The real P* and reactive Q* power references are 
divided by the source voltages to obtain the real and imaginary current orders. Finally, using 
the real and imaginary current errors, the PI controllers derive the A0,, A0, signals to be 
added to the —15° and —165° settings to generate the firing instants to be sent to the CSC 
firing logic. 

The DC control characteristic of the CSC schemes permits the link to operate safely 
during normal and abnormal conditions. Although, multi-level CSC has no independent 
phase current and voltage controllability, the AC side current can be controlled symmetrically 
under normal and AC fault conditions (even after losing one phase). Therefore multi-level 
CSC provides high reliability and fast recovery times. 


11.3.3 Simulated Performance under Normal Operating Conditions 


The test system used for the EMTDC simulation [10] consists of a two-terminal HVDC link, 
based on the simplified diagram of Figure 11.10, with each of the AC systems represented 
by a 500 kV (phase-to-phase) voltage source in series with a reactance calculated to give an 
SCR of 2.5 for a DC power rating of 1000 MW. The DC line is modelled by a smoothing 
reactance of 2 H in series with a 5 € resistance. 
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Figure 11.14 The MLCR-CSC HVDC system control structure 


Response to active power changes 


The dynamic response to step variations in the active power is demonstrated in Figure 11.15, 
which includes the following information: 


P,,, = real power order 

Q,.¢ = reactive power order 

P,, P, = active power at the sending and receiving ends 
Q,, Q, = reactive power at the sending and receiving ends. 


Initially the link is operating under a real power order of 1000 MW at the sending station and 
a reactive power order of —800 MVAR at the receiving station (i.e. generating 800 MVAR). 
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Figure 11.15 Real and reactive power response to a real power order 
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After 100 ms the real power order is changed to 1300 MW, and at 250 ms the power order 
is returned to the original setting. In each case the results (plots (a) and (b) of Figure 11.15) 
show that the system reaches a new steady-state condition after approximately 50 ms, with P, 
experiencing an overshoot of about 30 96 of the step change, while P, shows no overshoot. 

The effect of these changes on the reactive powers (plots (c) and (d) of Figure 11.15) 
shows a larger disturbance at the sending end (the power controlling station). Upon reaching 
the new steady-state condition (after 50 ms) the reactive power at the sending station settles 
at a lower level (—500 instead of the original 2685 MVAR according to plot (c)). This drop 
in the supply of reactive power causes a corresponding reduction in the sending end system 
voltage (from 551.5 to 528.5 kV, i.e. 496). The voltage variation will, of course, depend 
on the magnitude of the active power change and the converter SCR. In general, therefore, 
the assistance of on-load tap-changing (OLTC) will be needed to keep the voltage within 
specified limits. 


Response to reactive power changes 


Figure 11.16 illustrates the response of the link to step changes in reactive power at the 
receiving station, while maintaining the active power setting constant. Initially Q is set at 
—800 MVAR, after 100 ms its value is reduced to —600MVAR and at 250 ms is returned 
to its original level. Again plots (a) and (b) show that it takes approximately 50 ms for the 
system to reach a new steady sate, and that Q, experiences a 25 % overshoot whereas no 
overshoot is observed in Qj. In this case the sending end station suffers a large reduction 
in the reactive power injection (from —685 down to —450MVAR according to plot (b)), 
thereby causing the AC system voltage to drop by about 3.7 % (from 551.5 to 531 kV). 

Figure 11.17 illustrates the result of incorporating OLTC control following a change in 
the power setting. To this effect, again the receiving system is subjected to a reduction in 
the reactive power setting from the initial —800 to —600MVAR as before, but without 
returning it to its original value. Following the step change at 100 ms, plot (f) shows that 
the terminal voltage at the sending end (which controls the active power) drops down to 
531 KV. However, in this case the transformer tap setting is changed from | to 0.925 after 
250 ms (see plot (e)). It is clear from plot (f) that the terminal voltage is restored to its 
original value. 


11.3.4. Simulated Performance Following Disturbances 
Response to an AC system fault 


Figure 11.18 illustrates the response of the MLCR-HVDC system to a three-phase-to-ground 
short circuit applied directly at the terminals of the receiving converter terminal, while the 
link is initially operating as specified in Section 11.3.3. In the simulation the fault is assumed 
to be detected at the instant 100 ms and cleared (by the AC circuit breakers) after another 
100 ms. The collapse of the receiving end voltage will initially cause an increase in the DC 
current, which will soon reach the maximum setting and will, therefore, transfer the sending 
end control from constant power to constant current. No further corrective action is required, 
as the link continues to carry practically normal current during the fault and will be ready 
to resume normal operation soon after the fault is cleared. 
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Figure 11.16 Real and reactive power response to a reactive power order 
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Figure 11.17 The effect of OLTC on the terminal voltage for a change in the reactive power order 
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Figure 11.18 Response of MLCR-HVDC to an AC side fault 
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Plots (c) and (d) show that there is a 200 % overshoot in the DC current and corresponding 
increases in the AC current for about 20 ms. Following fault clearance, at 200 ms, the system 
takes approximately a further 50 ms to regain the pre-fault operating conditions. 


Response to a DC system fault 


A bipolar short circuit is placed in the midpoint of the DC line when the system is operating 
with a real power order of 1000 MW, controlled by the sending station, and a reactive power 
order of —800 MVAR at the receiving station. 

The fault will initially increase the DC current to try and maintain the specified power 
flow. However, in the process, the maximum current limit will be reached and the converter 
will go into constant current control. Similarly the inverter end current will reduce and be 
kept at its minimum current setting. Therefore a small current (the difference between the 
rectifier and inverter current settings) will continue to flow at the fault point. Under those 
conditions the DC fault is not self-clearing. 

Instead, upon detection of the fault assumed to occur at the 100 ms point, the sending end 
converter is temporarily ordered to go into inversion. This action clears the energy stored in 
the DC system faster and, thus, after a time allowed for the arc deionisation (arbitrarily set 
at 50 ms in the simulation), normal control operation resumes. The result of the simulation, 
shown in Figure 11.19, indicates that normal operating conditions are re-established after 
100 ms from the instant of fault detection. 


11.3.5 Reactive Power Control in Multi-Level CSC Transmission 


The exchange of reactive power between a converter and the AC system is determined by 
the sine of the firing angle (0). Altering 0 has an immediate effect on the DC voltage level 
and, thus, to maintain the specified DC power transfer through the link, a corresponding 
change of firing angle must be made at the other end, which in turn affects its reactive power 
exchange with the AC system. Therefore, with conventional converter control, the reactive 
powers injected at the two ends of a multi-level CSC link are interdependent. 

Most HVDC links used in large-power interconnections are of the bipolar type, each pole 
consisting of two 12-pulse groups, as shown in Figure 11.20. In these cases an interesting 
solution to the reactive power interdependence problem is the use of multi-group firing shift 
control, a subject discussed in the next section. 


Multi-group firing shift control 


The output current waveform produced by a converter consisting of two or more 12-pulse 
groups is not altered when a shift is introduced between the firings of the constituent groups 
of the converter station. 

When a change of operating conditions at the receiving end demands more reactive power, 
and thus reduces the DC voltage, shifting the group firings of the sending end converter in 
opposite directions provides the required variation of the DC voltage, while maintaining the 
reactive power constant (due to the opposite polarity of the two firing angle corrections). A 
relatively small change of active power will be caused by the variation of the fundamental 
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Figure 11.19 Response of MLCR-HVDC to a DC side fault 
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Figure 11.20 Simplified diagram of a CSC-based HVDC link with double group converters 


current produced by the shift, but this change can be compensated for by a small extra 
correction of the two firing angles. 

For the sending end converter to operate in the firing shift mode, the firing instants of one 
converter group (say group A) are kept on the positive side (thus providing reactive power), 
while the second group (say group B) may act as a source or sink of reactive power (i.e. the 
firing angle may be positive or negative). 


EMTDC verification 


The test circuit is a simplified HVDC link configuration with the two interconnected systems 
represented by a Thévenin circuit. Each terminal consists of two five-level MLCR converter 
groups, for which the circuit configuration and steady-state output current waveform are 
shown in Figures 7.25 and 7.26 of Chapter 7. 

Using the rated power (1000 MW) and voltage (220 kV) levels as base values, the source 
voltages are set at 1.02 and 1.06 pu at the receiving and sending ends respectively; the series 
impedance on both sides is initially equal to 0.254 pu (plus the transformer leakage reactance 
which is equal to 0.1 pu) and the DC line is represented by a resistance of 0.1 pu in series 
with a 2H smoothing inductor. The active power transfer is controlled at the sending end 
and the terminal AC voltage at the receiving end. 

A PSCAD model of the test system under the above operating conditions is used to start 
the EMTDC simulation. Figure 11.21 illustrates the response of the HVDC link to variations 
in the receiving end series impedance. Graph (a) shows the set value of the series reactance 
at the receiving end, which is initially equal to 0.254 pu. Upon reaching the initial steady 
condition, the value of the receiving end series reactance is increased by 50 % (at 0.5 s) and 
by 100 % (at 1.5 s) and then returned to the original values at 2.5 and 3.5 s respectively. The 
dynamic response at the receiving end is shown in graphs (b) (active power), (c) (reactive 
power) and (d) (terminal voltage). The terminal voltage, active and reactive power responses 
at the sending end are shown in graphs (e), (f) and (g) respectively. 

In each case, after the oscillation that follows the change of condition disappears, the 
sending end parameters are maintained constant on the steady state, which clearly indicates 
the independence of the reactive power control on both sides of the link provided by the 
proposed firing shift control. 
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Figure 11.21 (a)-(g) Receiving and sending end responses to changes in the reactive power condi- 
tions at the receiving end 
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Figure 11.21 (Continued) 


11.4 Summary 


Due to their simpler switching structures and their ability to commutate at zero voltage, 
MLVR converters are better options for use in HVDC transmission than the earlier multi- 
level proposals discussed in Chapter 6. Of the MLVR alternatives, H-bridge reinjection has 
the simpler switching structure for very high-voltage applications and also permits active 
capacitor balancing. 

MLCR-HVDC appears to be a good contender for large-power applications, owing to 
the zero-current switching condition that makes the conventional thyristor converter self- 
commutating, thus permitting the continued use of the robust thyristor technology for the 


REFERENCES 357 


main converter bridges. EMTDC simulation has shown that MLCR provides a fast response 
to step changes in the active and reactive power. 

In common with other multi-level alternatives, the MLVR and MLCR converter topologies 
lack independent controllability of the reactive power at both ends of the link and, therefore, 
a large change of reactive power at one end of the link may cause unacceptable voltage 
variations at the other end. The use of OLTC control can alleviate this problem. In double 
group bipolar schemes a more flexible reactive power control can be achieved by the use of 
firing shift control between the two converter groups at the terminal stations. 

The responses of the MLCR configuration to AC and DC short circuits are very much 
like those experienced by line-commutated HVDC links, and thus provide faster recoveries 
than PWM-HVDC and AC transmission schemes. 
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Constant current control 247, 255 
Constant current transmission 242 
Constant extinction angle 245, 255 
Control 
characteristics 245, 247, 250 
constant current, see Constant current control 


direct 299 
equidistant firing 254 
frequency 252, 300 
power 251, 301 
reactive power 301, 337, 352 
tap changer, see On-load tap-changer 
vector 299 
voltage 301 
VSC 299 
Converter 
back to back 240, 277 
disturbances 232 
mercury valve 8 
multi-pulse 74 
six-pulse 57 
twelve-pulse 75 
Cross-modulation 93, 262 


CSC (Current Source Conversion) 6, 12, 58, 
97, 106, 114, 121, 124, 141, 221, 225, 327, 


341 
Current margin 247 
Current setting 247 


DC capacitor 100, 102 
DC line fault 267 
DC link 
bipolar 240 
control 242, 303 
monopolar, see Monopolar link 
DC reactor 231 
DC transmission advantages 9, 14 
Delay angle 58, 246 
Deregulation 16 
DFIG (Doubly fed induction generator) 
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Flexible Power Transmission: The HVDC Options J. Arrillaga, Y.H. Liu and N.R. Watson 


© 2007 John Wiley & Sons, Ltd 


360 


Diode clamping 145, 149 

see also Multilevel conversion 
Diodes 51, 105, 106 
Direct voltage, see Average direct voltage 
Displacement factor 69 
Distributed generation (DG) 16 
Dynamic compensation 258 


Earth electrodes 238 

Earth return 239 

Electricity deregulation 16 

Electrode, earth 238 

Electromagnetic interference (EMI) 113 
EMTDC 187, 216, 279, 284, 317, 332, 341, 345 
Environmental influence 5, 306 

Equivalent disturbing current 92 

ETO (Emitter turn-off thyristor) 45, 53 
Extinction angle 67, 245, 249, 277 


FACTS 13, 18, 21 
Fibre optics 245 


Filters 
AC side 90, 231, 257, 286, 297 
active 281 
continuously tuned 280 
damped 287 


DC side 92, 231, 297 
effect of network impedance 91 
high-pass, see Filters, damped 
quality of 91, 231 
radio frequency interference (RFI) 2 
reactive power of 90 
sharpness of tuning 91 
tuned 91, 280 
Firethrough 232 
Firing angle, see Delay angle 
Firing-shift control 352 
Flexible power 5, 13 
Forced commutation, see Self-commutation 
Frequency control 252, 300 
Frequency interactions 262 


Gate turn-off, see GTO 
GCT, see IGCT 
GTO 36, 53, 210 


H-Bridge, see Cascaded H-bridge 
Harmonic cross-modulation 262 
Harmonic distortion 84, 152 
Harmonic filters 90 

see also Filters 
Harmonic impedance 91 
Harmonic instability 94, 257 
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Harmonic penetration 111 
Harmonics 71, 75, 109, 128, 144, 162 
AC side 73, 303 
characteristic 71 
at no overlap 73, 75 
at overlap 72, 75 
DC side 72 
even 84, 93, 128 
magnification of 89 
resonance 265 
sequence components 84, 94 
triplen 84, 93 
uncharacteristic 81, 89 
HVDC Light 304, 306 
three level 312 
two level 308 


IEGT (Injection enhanced transistor) 53 
IGBT 11, 47, 49, 53, 98, 103, 121, 306 
converter 306, 312 
station layout 296 
valve 306 
IGCT 41, 53, 98, 121, 210 
Instability, see Harmonic instability; Power 
instability 
Insulated gate bipolar transistor, see IGBT 
Interaction, see AC-DC system interaction 
Interharmonics 81 
Inversion 67 


LCC (Line Commutated Conversion) 6, 57, 114, 
224, 225, 275 

Level number 142 

Light triggered thyristor 32 

Lightning surges 232 

Low voltage current limit (LVCL) 251 


Margin angle, see Extinction angle 
MCT (MOS controlled thyristor) 44, 53 
Mercury-arc valve 8 
Misfire 232 
MLCR, see Multilevel reinjection 
MLVR, see Multilevel reinjection 
Monopolar link 241 
MOSFET 25, 43, 44, 47 
MTO (MOS turn-off thyristor) 42, 53 
Multibridge conversion 74, 111, 137 
Multigroup converters 233 
Multilevel conversion 141, 161 
cascaded H-bridge 142, 158 
diode clamping 142, 164, 327 
flying capacitor 142, 155, 164, 327 
neutral point clamping 142 
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Multilevel CSC 142, 341 
Multilevel reinjection 170 
MLCR 210, 221, 327 
MLVR 170, 187, 193, 221, 327 
Multilevel VSC 142, 327 
Multiterminal DC 12, 240 
series connection 227 
subtransmission 323 


Off-shore conversion 283 

OLTC, see On-load tap-changer 

On-load tap-changer 101, 242, 247, 249, 297, 
301 

Overhead lines 235 

Overlap angle, see Commutation angle 

Overvoltages 258 


Phase-locked oscillator 253 
PLL (Phase locked loop) 300, 302, 308 
Pn rectifier 22 
Power control 251 
Power diode 24, 51 
Power electronics control 5 
Power factor 2, 69, 334, 337 
see also Displacement factor 
Power/frequency control 252 
Power instability 129, 257 
Power losses 112, 125 
Power modulation 249, 252, 261, 305 
Power reversal 249 
Power transfer 1, 3, 292 
PSCAD, see EMTDC 
Pulse number 71 
Pulse width modulation 29, 53, 127, 141, 161, 
293, 299, 307 
PWM, see Pulse width modulation 


Q, see Filters, quality of 


Radio interference 226, 236, 297 
Reactive power 2, 69, 301, 337 
Reactive power compensators 259 
Real power, see Active power 
Rectifier 64 

see also Converter 
Reinjection 77, 116, 121 
Reliability 267 
Resonance 

complementary 265 

composite 265 
Reversal of power, see Power reversal 
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SCR, see Silicon Controlled Rectifier; Short circuit 
ratio 

Sea return, see Earth return 

Self-commutating thyristor conversion 213 

Self-commutation 36, 97, 141, 170, 213 

Short circuit ratio 11, 257 

SiC (Silicon carbide) 55 

Silicon controlled rectifier 10, 21, 53 

see also Thyristor 

Smoothing reactor, see DC reactor 

Snubbers 30, 39, 113, 148 

Soft switching 29, 170 

Stability, of AC transmission 259 

STATCOM 100, 150, 204, 259, 282, 328, 
337 

Static power conversion 6 

Sub-synchronous resonance 260 

Surge arrester 235 

Switching losses 29 

Synchronous compensator 257-8 


Tap changer control 248 
Telecommunications 244 
Telephone influence factor 90 
Telephone interference 92 
Thyristor 31 
electrically triggered 32 
light triggered 32 
module (or level) 228 
station layout 227 
valve 227 
Transformer 230, 297 
leakage 231 
phase-shift 74 
saturation effects 94, 256 
Transformer connections for increased pulse 
number 74 
Transient stability 261 
Transistor 25, 47, 53 
Triple harmonics 84, 93 
Tripole DC transmission 287 


Unbalanced AC voltage 84 
Uncharacteristic harmonics 81 
Unit connection 311 


Valve, see Thyristor 

Voltage controlled oscillator, see Phase-locked 
oscillator 

Voltage dependent current order limit (VDCOL) 
251 

Voltage interaction 257 
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Voltage regulation 258 Wind power 282 
VSC (Voltage source conversion) 6, 11, 56, 98, farms 310, 322 
106, 114, 116, 127, 138, 142, 170, 291, 328 


VSC control 304 
ZCS (Zero current switching) 29, 170, 328 


Weak AC systems 295, 312 ZNS (Zero voltage switching) 29, 170, 328 


